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ABSTRACT

PHYLOGENETIC DIVERSITY AND COMMUNITY STRUCTURE OF SULFATEREDUCING BACTERIA IN A SALT MARSH SEDIMENT

by
Juliette N. Rooney Varga
University of New Hampshire, May, 1997

Phylogenetic diversity and community structure of sulfate-reducing bacteria
(SRB) in a salt m arsh sedim ent and rhizosphere of Spartina alterniflora were
investigated. Uncultivated phylotypes were studied by selectively am plifying
Desulfobacteriaceae 16S rRNA gene fragments from DNA extracted from salt
m arsh rhizosphere samples. An in vitro transcription technique w as developed
to synthesize reference RNAs containing sequences presum ably identical to
corresponding regions of the uncultivated organisms' 16S rRNAs. These
reference RNAs were used in subsequent quantitative probing experim ents.
Oligonucleotide probes were designed to specifically target novel phylotypes
and were tested for optim al hybridization wash conditions and target specificity.
The newly designed probes were then applied together w ith eubacterial probes
to determine the relative abundances of the novel phylotypes in the salt m arsh
sedim ent and rhizosphere. Lastly, 16S rRNA sequences of ten SRB isolates were
analyzed and com pared to sequences of other cultivated SRB a n d novel
phylotypes retrieved directly from environmental samples.

xv
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Two novel phylotypes were retrieved from rhizosphere samples, w ith A01
sharing 89.1% sequence identity w ith Desulfococcus multivorans and 4D19 sharing
96.3% sequence identity w ith Desulfosarcina variabilis. Additionally, six sequences
w ere fo u n d that w ere extremely closely related to D. multivorans. Synthetic
reference RNAs were successfully used in the optim ization and application of
probes A01-183 a n d 4D19-189, w hich specifically targeted A01 and 4D19,
respectively. M ean relative abundances of A01-183 a n d 4D19-189 targets were
7.5% a n d 3.4%, respectively, suggesting that the target organism s of A01-183 and,
to a lesser extent, 4D19-189 played a dom inant role in the salt m arsh sedim ent
and rhizosphere.
Phylogenetic analysis of SRB isolates placed all isolates w ithin the Gramnegative m esophilic SRB group. Two isolates w ere m em bers of the
Desulfovtbrionaceae family, with one a member of the genus Desulfovibrio and the
other possibly representing a novel genus. The rem aining eight isolates were
m em bers o f the Desulfobacteriaceae family and were com prised of novel species
w ithin the genera Desulfobulbus, Desulfobacter, Desulfobacterium, and
Desulfoarculus, as well as a novel genus most closely related to Desulfobotulus
sapovorans. None of the SRB isolates appeared to be related to the phylotypes
A01 or 4D19 at the species or genus level.

xvi
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INTRODUCTION

In plant-inhabited ecosystems, the rhizosphere harbors intense m icrobial
activity w hich greatly affects plant and ecosystem health. Key biogeochemical
processes such as organic matter decom position, mineralization, pollutant
degradation, and nonsymbiotic nitrogen fixation occur at accelerated rates in the
rhizosphere. The rhizosphere is the target for bacteria introduced into
agricultural systems, and it may provide a habitat conducive for colonization of
introduced bacteria w hich are not targeted to roots. In addition, in w et soils,
sediments, estuaries, and lakes, the rhizosphere harbors the prim ary redox
gradients that control precipitation and dissolution of geochemicals, control
hydraulic conductivity, and determine w hether microbes adhere to solids or are
transported. While the rhizosphere is clearly an im portant and dynam ic zone, its
microbial com m unity remains largely unexplored. Conventional techniques
such as direct microscopic counts, viable counts, and most probable num ber
determinations often give widely differing results. The presence of dead or
inactive cells, the inability to distinguish bacteria from detritus and other
particulate m atter, dam aging of cells p rio r to cultivation, or inappropriate
conditions during cultivation all contribute to artifacts in conventional m ethods.
M any of the limitations of conventional microbiological techniques can be
overcome by molecular techniques that use 16S rRNA as a phylogenetic
descriptor. By now , the use of 16S rRNA as a phylogenetic molecule is w ellestablished and, together w ith concurrent advances in molecular biological
techniques, has dram atically altered the fields of microbial ecology and, m ore

1
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generally, microbiology. W ith these techniques, it is possible to study the
phylogenetic diversity, community com position, population dynam ics, and
m icroarchitecture of bacteria in their native habitats without relying on
cultivation or m orphology for identification. For both cultivated and
uncultivated bacteria, comparative sequence analysis of 16S rRNAs has enabled
the investigation of phylogenetic relationships among microorganisms in a
m anner th at w as not feasible through traditional microbiological m ethods. As a
result, there have been drastic revisions in our understanding of bacterial
evolution, new insights into the relationships between various phenotypic traits
an d phylogeny, and the emergence of a natural system of bacterial taxonom y
that is fo unded in a phylogenetic framework.
T he goal of the current dissertation research was to combine new ly
developed and currently available 16S rRNA-based approaches to study the
phylogenetic diversity and community structure of a natural sedim ent and
rhizosphere microbial community. To this end, the sulfate-reducing bacteria
(SRB) com m unity inhabiting a salt m arsh sedim ent and rhizosphere w as chosen
as a m odel system for reasons that will be described in more detail in the
follow ing chapters. Briefly, sulfate reduction is the dom inant term inal electron
accepting process in salt m arsh sediments, and the close interaction betw een
sulfate reduction rates and plant phenology of Spartina alterniflora docum ented
by H ines et al. (1989) indicated that SRB dynam ics in the rhizosphere are
ecologically important. In addition, the 16S rRNA phylogeny of m any SRB has
been determ ined (Devereux et al., 1989; 1990) and oligonucleotide probes are
available for m any of the major groups a n d genera (Devereux et al., 1992).
This dissertation was part of a larger, multifaceted project involving the
use of m olecular, microbiological, and biogeochemical techniques to investigate
interactions between the salt marsh SRB com m unity and the m arsh plant S.

2
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altemiflora. The researchers that were involved w ith this project were Dr. M . E.
Hines (University of N ew Hampshire; UNH), Dr. R. Devereux (U.S.
Environmental Protection Agency; EPA), Dr. B. R. Sharak Genthner (UNH), R. S.
Evans (UNH), S. G. Willis (UNH), S. Friedman (UNH), and Am anda Clem ent
(UNH). Briefly, this larger project consisted of several parts, including: 1) the
investigation of SRB community structure and population dynamics over
pertinent tem poral and spatial scales in the rhizosphere and bulk sedim ent by
applying group- an d genus-specific probes to RNA extracted from
environmental sam ples; 2) measurement of pertinent geochemicals, plant-related
param eters, and sulfate reduction rates to place results in a biogeochemical
framework; and 3) use of conventional microbiological techniques to isolate
novel SRB from salt m arsh samples, followed by physiological and phylogenetic
characterization of isolates. One of the findings of this larger study was that the
Desulfobacteriaceae family was quantitatively im portant in the salt m arsh
sediment and rhizosphere and appeared to contain previously undescribed
species. Due to this result, emphasis was placed on the Desulfobacteriaceae family
in m y dissertation research.
The experim ental approach used for m y research, as well as closely related
components of the larger research project, are show n in Fig. 1. The three m ajor
components of this w ork were: 1) an investigation of the phylogenetic diversity
of the Desulfobacteriaceae SRB family by direct retrieval and analysis of 16S RNA
genes from rhizosphere samples; 2) the design and application of 16S rRNAtargeted oligonucleotide probes that target novel phylotypes discovered in (1) to
quantitatively investigate their population dynamics; and 3) use of com parative
16S rRNA sequence analysis to infer phylogenetic relationships of novel SRB
isolates, provide a n alternate route for studying phylogenetic diversity in the salt
m arsh SRB com m unity, and reevaluate currently available probes.

3
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Fig. 1. Schematic diagram of experimental approach, showing components
conducted in the current dissertation research (in boxes) as well as closely related
w ork conducted by other researchers.

4

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

CHAPTER ONE

RETRIEVAL A N D ANALYSIS OF DESULFOBACTERIACEAE 16S rDNA FROM
THE RHIZOSPHERE OF SPARTINA ALTERNIFLORA

Introduction
In plant-inhabited ecosystems, the rhizosphere harbors intense microbial
activity w hich, in turn, greatly affects plant and ecosystem health (Coleman et al.,
1978; Teal et al., 1979; Paul and Clark, 1989; A nderson et al., 1993). Key
biogeochemical processes such as organic m atter decom position, pollutant
degradation (A nderson et al., 1993), and nonsym biotic nitrogen fixation (Teal et
al., 1979) occur a t accelerated rates in the rhizosphere zone. Despite the
ecological im portance of the rhizosphere, rhizosphere microbial communities
rem ain poorly understood due to steep environm ental gradients over
microscales, complex microbial interactions (Kluepfel, 1993), and shortcomings of
conventional techniques to quantify and characterize natural microbial
communities (Litchfield, 1976; Zarda et al., 1991). H ow ever, w ith the advent of
m olecular m icrobial ecology and, in particular, techniques based on comparative
analysis of 16S rRNA sequences, it is now possible to investigate natural
rhizosphere com m unities much more thoroughly.
In the current study, molecular phylogenetic techniques w ere used to
investigate the sulfate-reducing bacteria (SRB) com m unity in the rhizosphere of
the salt m arsh cordgrass, Spartim altemiflora. This com m unity w as chosen as a

5
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m odel system because both its biogeochemical dynamics and the 16S rRNA
phylogeny of SRB have been relatively well studied. Sulfate reduction is the
dom inant term inal electron accepting process (Howarth and Hobbie, 1982) and
has been show n to be closely tied to plan t phenology, suggesting th at plant-SRB
interactions in the S. altemiflora rhizosphere play an im portant role in salt m arsh
biogeochemical cycles (Hines et al., 1989; Hines, 1991). To date, the 16S rRNA
phylogeny of SRB is one of the m ost complete, and hybridization probes are
available for each of the major groups and several individual species (Devereux
et al., 1989; Devereux et al., 1990; Devereux et al., 1992). The phylogenetic groups
are also defined by distinct physiological features, in particular, the ability to use
specific electron donors, the suite of w hich is rather limited by the g ro u p as a
whole. Therefore, comparative rRNA m ethods m ay also provide inform ation on
the types of substrates used by rhizosphere bacteria.

The Salt M arsh Rhizosphere M icroenvironment
T he rhizosphere is frequently described as being comprised of three zones:
the endorhizosphere, or interior of the root; the rhizoplane, or root surface; and
the ectorhizosphere, or area around the root surface that is influenced by the
root's presence (Paul and Clark, 1989). Plant roots release at least 20% of total
plant d ry w eight into the rhizosphere (Kluepfel, 1993). Thus, the rhizosphere is
rich in dissolved organic carbon com pounds, such as amino a d d s, aliphatic adds,
arom atic a d d s, am ides, and sugars, as well as insoluble organic m aterials, such
as cellulose, lignin, and proteins (Paul and Clark, 1989). The release of root
exudates a n d sloughed off root cells results in intense microbial activity in root
zones (Colem an et al., 1978). In fact, microbial counts in the rhizosphere have
been reported that are up to 100 times higher than in root-free soil (A nderson et
al., 1993), w ith their num bers dropping predpitously within 5 |im of p lan t roots
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(Paul and Clark, 1989). Rhizosphere bacteria are n o t only m ore num erous, b u t
also demonstrate higher m etabolic activity than their non-rhizosphere
counterparts (Paul and C lark, 1989).
A diverse array of m icrobial processes is found in salt marshes, and m any
of these are closely linked to the rhizosphere of the dom inant cordgrass species,
Spartim altemiflora (H ow arth, 1993). The rhizosphere is particularly im portant in
salt m arshes for several reasons. Firstly, salt m arshes are am ong the m ost
productive ecosystems on Earth, w ith at least half o f their productivity occurring
below ground in the form o f roots and rhizomes (Valiela et al., 1976; Howes et al.,
1985; Blum, 1993) and m ost of this organic m atter being decom posed in situ
(Valiela et al., 1976). Secondly, S. altemiflora releases large am ounts of dissolved
organic m atter into the rhizosphere, thereby fueling microbial activity (How arth,
1993). During hypoxic a n d anoxic conditions, roots are unable to m aintain
aerobic respiration. The resu lt is production of low m olecular weight
ferm entation products w hich easily diffuse out of root cells (Mendelssohn and
McKee, 1987; Hines et al., 1989; Hines et al., 1994). Lastly, the hollow internal
channels of S. altemiflora provide a conduit for m ovem ent of oxygen into the
otherw ise anoxic sedim ents, resulting in steep redox gradients over microscales
surrounding the roots. These redox microgradients m ay provide an ideal habitat
for diverse microbial m etabolism s such as sulfate reduction and sulfur oxidation,
aerobic respiration, nitrification, denitrification, iron and manganese reduction
an d oxidation and m ethanogenesis (Kaplan et al., 1979; Giblin and Howarth,
1984; Luther et al., 1986).
Sulfate reduction is the m ain pathw ay of organic m atter decomposition in
salt m arsh sediments (Hines et al., 1989; Vemberg, 1993). Evidence that it is
linked to the rhizosphere stem s from the fact that SRB utilize prim arily low
m olecular weight alcohols and fatty adds (Howarth, 1993) - com pounds which,
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as m entioned above, are likely to be found in relatively high concentrations in the
salt m arsh rhizosphere. Specifically, m alate, ethanol (Hines et al., 1989), and
probably acetate (Hines et al., 1994) are produced by roots during anaerobic
fermentation a n d can be directly utilized b y SRB. Hines et al. (1989) found that
sulfate reduction rates were closely linked to the physiological state of plants.
They suggested that high sulfate reduction rates w ere related to increased release
of dissolved organic m atter from roots during vegetative grow th of tall S.
altemiflora plants.
SRB have traditionally been thought of as obligate anaerobes, and
therefore m ay n o t be expected to proliferate in the potentially oxic rhizosphere
microenvironment. However, several recent studies have provided evidence that
SRB are actually capable of tolerating and even utilizing oxygen at low
concentrations. For example, Cypionka et al. (1985) found several strains of SRB
that tolerated varying exposures to aeration w ithout loss of viability. In fact,
certain strains of SRB have been found to utilize oxygen as a term inal electron
acceptor w ith either lactate, hydrogen, hydrogen sulfide, or sulfide as an electron
donor (Dilling an d Cypionka, 1990). Marschall et al. (1993) reported superoxide
dismutase activity, an enzyme that confers oxygen tolerance, in Desulfovibrio
desulfuricans. In that same study, several strains of SRB grew optim ally near an
anoxic (sulfide-containing agar medium) - oxic (oxygen-containing atm osphere)
interface. Thus, it seems likely that the rhizosphere, which m ay frequently exist
as an interface betw een oxic and anoxic m icroenvironm ents, w ould in fact be
inhabited by num erous SRB.

Use of M olecular Techniques to Study the Rhizosphere Microbial C om m unity
While the rhizosphere is clearly an im portant and dynam ic zone, its
microbial com m unity remains largely unexplored. Conventional techniques
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such as direct microscopic counts, viable plate counts, and m ost probable
n u m b er determinations frequently give widely differing results (Witzel, 1990).
The presence of dead or inactive cells, inability to distinguish bacteria from
d etritus and other particulate m atter, dam aging of cells prior to cultivation, or
inappropriate conditions during cultivation all contribute to the discrepancies
observed am ong conventional techniques (Litchfield, 1976). Fatty a d d analysis
m ay also give biased results because m any dassifications in the fatty a d d data
base are based on clinical isolates which m ay differ substantially from their
counterparts in environmental sam ples (Wagner et al., 1993). H ow ever, the
ad v en t of molecular approaches in microbial ecology has provided tools to begin
a m o re thorough exploration of soil and sedim ent microbial com m unity
dynam ics w ithout introducing m any of the biases assodated w ith conventional
techniques.
Largely as a result of the incorporation of concurrently advancing techniques
in m olecular biology and the conceptual developm ent of 16S- (and 23S-) like
ribosom al RNAs as phylogenetic descriptor molecules (Woese et al., 1985; Olsen et
al., 1994a; Woese, 1994), the field of microbial ecology has undergone revolutionary
advances in recent years. The use of 16S rRNA as a phylogenetic descriptor
m olecule is now well-established. The reasons for this are manifold: rR N A is
ubiquitous and functionally identical in all life forms; it contains regions of highly
conserved sequences allowing for sequence alignment of distantly related
organism s; and it contains regions that are quite variable over evolutionary time,
providing 'signature sequences' a t the spedes or sub-spedes level (Woese, 1987).
rRN A genes do not appear to be subject to horizontal gene transfer, so th at the
evolutionary history contained in an rRNA molecule should in fact be consistent
w ith the evolutionary history of the organism possessing it (Woese, 1987). In
addition, the large num ber of 16S rRNA sequences currently available in data bases
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fu rth er enhances the utility of 16S rRNA in comparative phylogenetic analyses. In
fact, 16S rRNA has become so central to the field of microbial ecology that w hile the
definition of a prokaryotic species remains som ew hat elusive (Witzel, 1990), 16S
rR N A sequence analysis has become an im portant com ponent in defining new
species. There is now a general acceptance that a new ly proposed species is indeed a
separate species if the difference in 16S rRNA sequence betw een it and its closest
relatives is greater than 1.5-2.5% (Stackebrandt and Goebel, 1994). It should be
n o ted th at 23S-like rRNA contain even more phylogenetic information than the
sm aller 16S rRNA. H ow ever, 16S rRNA molecules are sufficiently large to contain a
significant am ount of inform ation w ithout being so large as to make their analysis
technically difficult.
A rm ed with basic molecular tools and available 16S rRNA sequence
inform ation, a microbial ecologist can retrieve 16S rRN A sequences from n atu ral
sam ples w ithout prior cultivation (e.g., Fuhrman et al., 1992; Gordon and
G iovannoni, 1996; M urray et al., 1996); probe natural samples for broad
phylogenetic groups (likely to encompass currently uncultured bacteria), or
specific species or strains (e.g., Giovannoni et al., 1988; Krum holz et al., 1995);
analyze community microarchitecture and relative cellular activity w ith whole
cell hybridization (e.g., DeLong et al., 1989; Am ann et al., 1990; Assmus et al.,
1995); or develop general m easures of community com position for
intercom parison of two or m ore communities (e.g., M uyzer et al., 1993; M oyer e t
al., 1994).

Retrieval of rRNA Sequences from Natural Communities
The selective recovery of 16S rRNA sequences can be seen as the exploratory
phase of a molecular investigation of a natural microbial community, in w hich the
probability of discovering novel phylotypes is high (Tiedje, 1993). While 16S rRN A
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retrieval from environm ental samples is a pow erful tool in environmental
microbiology, it is no t w ithout its limitations and problems. The pioneering studies
in which this technique was first applied involved environments that did n o t contain
the high concentrations of humic com pounds or clays found in salt m arsh sedim ents
(Weller and W ard, 1989; Giovannoni et al., 1990; W ard et al., 1990). These
substances co-purify w ith nucleic a d d extracts a n d can interfere w ith hybridization
effidency an d s p e d fid ty as well as enzym atic m anipulation (Picard et al., 1992; Tsai
and Olson, 1992). Another potential problem in DNA extraction is unbiased,
quantitative lysis of all cell types present Recent studies that have addressed these
issues are num erous. Lysis techniques currently in use ind u d e thermal shock;
microwaving; sonication; lysozym e/protease treatment; bead-beating; and various
combinations of these techniques (Mor£ et al., 1994). Purification techniques are
similarly diverse, in d u d in g purification w ith Sephadex columns (A bbaszadegan et
al., 1993; Erb a n d W agnerdobler, 1993), Elutip-d columns (Tsai and Olson, 1991;
Picard et al., 1992); Bio-Gel polyacrylamide gel colum ns (Tsai and Olson, 1992), and
Chelex colum ns (Abbaszadegan et al., 1993); treatm ent with
polyvinylpolypyrolidine (PVPP) (Steffan et al., 1988); cesium chloride gradient and
hydroxyapatite purification (Steffan et al., 1988); repeated washes w ith 70% ethanol
(Bruce et al., 1992); and purification by electrophoresis in low-melt agarose (Herrick
et al., 1993; M or£ et al., 1994). Unfortunately, there is still no single m ethod th at
yields suffidently pure DNA from all microbial cell types in any environm ental
sample type. Instead, optimization and adaptation of various methods to the system
of interest is necessary.

Objectives
In prelim inary analyses using m em brane hybridization with RNA
extracted from m arsh sediment samples and various probes for Gram-negative
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mesophilic SRB (Devereux et al., 1992; Hines et al., in prep) found that the
members of the Desulfobacteriaceae family (Widdel an d Bak, 1992) targeted by
probe 804 (Devereux et al., 1992) accounted for u p to 20% of total eubacterial
rRNA and appeared to be the most abundant group of SRB in the salt m arsh
sediment (Hines et al., in prep). However, the relative abundances of probed
genera w ithin the Desulfobacteriaceae accounted for only a small fraction of the
relative abundance of the family as a whole, suggesting that other undescribed
Desulfobacteriaceae species played a significant role in the salt m arsh m icrobial
community. Therefore, the objective of the current study was to investigate the
phylogenetic diversity of the Desulfobacteriaceae an d search for novel phylotypes
by retrieving and analyzing 16S rDNA directly from rhizoplane bacterial
communities.

Methods
Cultivation of Organisms
Organisms used in this study were kindly provided by B. SharakGenthner and S. Friedman. Desulfococcus multivorans (ATCC 33890) and
Desulfovtbrio vulgaris (ATCC 29579) were grown using anaerobic aseptic
techniques described by W iddel and coworkers (W iddel, 1983; W iddel and Bak,
1992). First, the following stock solutions were prepared: nonchelated trace
element solution (100 m M H Q , 7.5 mM FeSO -i-T^O ,0.5 mM H 3BO3, 0.8 mM
C 0 Q 26 H 2 0 , 0.01 mM C u Q 2 -2H 2 0 ); selinite-tungstate solution (10 m M N aO H ,
0.02 mM N a 2Se0 3 '5H 2 0 , 0.02 mM N a 2W (V 2H 2 0 ); 1.0 M NaHCOa solution;
vitamin mixture (0.4 mg/14-aminobenzoic ad d , 0.1 m g/1 D(+)-biotin, 1 m g/1
nicotinic a d d , 0.5 m g/1 caldum D(+)-pantothenate, and 1.5 mg/1 pyridoxine
dihydrochloride in 10 m M sodium phosphate buffer, p H 7.1); vitam in B12
solution (0.5 m g/1 cyanocobalamine); thiamine solution (1 m g/1 thiam ine
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chloride dihydrochloride in 25 m M sodium phosphate buffer, p H 3.4); and
sulfide solution (0.20 M N a 2S*9 H 2 0 ). The trace element solution and selenitetungstate solution were flushed w ith 9:1 N 2 : CO 2 to remove O 2 an d autodaved in
bottles w ith fixed rubber stoppers. Similarly, the bicarbonate solution was
flushed w ith CO 2 and also au to d av ed in stoppered bottles. The vitam in mixture,
vitam in B12 solution, and thiam ine solution were filter-sterilized and stored at
-20° C in dark bottles. The sulfide solution was prepared un d er a N 2 atmosphere
an d a u to d a v e d in bottles with fixed stoppers. Freshwater basal m edium was
then prep ared by adding 1.0 g NaCl, 0.4 g MgCl2-6H 2 0 , 0.1 g CaCl 2*2H 2 0 , 4.0 g
N a2S 0 4, 0.25 g N H 4C1, 0.2 g KH 2F 0 4 and 0.5 g KCl to 1.01 distilled H 20 . The
basal m edium w as flushed w ith 9:1 N 2: CO 2 gas, aliquoted into serum bottles
that w ere also flushed with N 2 /C O 2, an d autodaved with ru b b er stoppers fixed
to bottles. The described stock solutions were then added to basal m edium using
sterile disposable syringes that w ere flushed with N 2 /CO 2 gas, in the following
am ounts per 1 basal medium: 1.0 m l trace element solution; 1.0 m l selinitetungstate solution; 30.0 ml NaHCOa solution; 1.0 ml vitamin m ixture; 1.0 ml
vitam in m ixture; 1.0 ml thiamin solution; 1.0 ml vitamin B12 solution; 7.5 ml N a 2S
solution. Sterile lactate was aseptically added (to a final concentration of 20 mM)
into serum bottles containing about 100 m l medium and each serum bottle was
inoculated w ith 1-2 ml of an active culture of D. multivorans or D. vulgaris.
C ultures were grow n for 7-12 days a t room temperature.

Study Site and Sample Collection
Sam ples were collected from a tall-form, creekside stand of S. altemiflora in
C hapm an's M arsh in southeastern N ew Hampshire (Fig. 1.1). Iron a n d sulfur
biogeochem istry (Hines et al., 1989; H ines, 1991), production a n d emission of
biogenic sulfur gases (Morrison and Hines, 1990), acetate cycling in the
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rhizosphere of S. altemiflora (Hines et al., 1994), and the effect of p la n t phenology
on sulfate reduction (Hines et al., 1989) have been studied at this site. In order to
avoid d isturbing the vegetation an d sediment, boardwalks w ere u sed to access
sam pling sites. Sediment cores (5 cm diameter) were collected u sin g a handheld
corer (W ildco Wildlife Supply Co., Saginaw, Michigan) equipped w ith a separate
plastic liner for each sample, and w ere held anoxically on ice (H ines et al., 1989)
for tran sport to the laboratory. Sediment cores were either processed w ithin 1-2
h of sam ple collection or stored at -80° C until used for further m anipulations.
Cores fo r 16S rDN A sequence retrieval were collected on 22 A u g u st 1994 and 8
Septem ber 1994.

DNA Extraction and Purification
The up p er 2.5 cm of each core were used for DNA extractions, as this
depth zone has been shown to contain the majority of active roots and the
highest sulfate reduction rates (Hines et al., 1989). N on-rhizosphere sedim ent
w as rem oved from roots in the upper 2.5 cm of each core by briefly rinsing roots
w ith phosphate buffer (8.7 mM N a 2HP 0 4 *H2 0 ) that was adjusted w ith NaCl to
the sam e salinity as sediment porew ater (about 26 ppt). While m o st of the
sedim ent w as rem oved from roots through rinsing, microscopic observation of
root hairs stained with DAPI (4',6-diamidino-2-phenylindole) (Hicks et al., 1992)
show ed that root hairs rem ained densely covered with rhizoplane bacteria.
DNA extraction and purification procedures that were attem pted included a
free ze /th a w m ethod adapted from Tsai and Olson (1991), w ith o r w ithout
purification by Sephadex G-200 columns; and a bead-beating m ethod modified
from Mor£ et al. (1994) with a low-melt agarose electrophoresis purification step
(Fig. 1.2). In the freeze-thaw m ethod, about 5 g washed roots w ere added to 10
ml salinity-adjusted phosphate buffer (above), mixed well, and shaken at 75 RPM
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Fig. 1.2. Schematic diagram of method used for extraction and purification of
DN A from rhizosphere samples.
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for 30 m in. The mixture was pelleted by centrifugation at 6000 x g for 10 m in,
and the supernatant fluid was decanted and discarded. 10 ml salinity-adjusted
phosphate buffer was added to the p ellet shaken, and pelleted as described
above. Cells w ere lysed by adding 8 ml lysis solution (0.15 M N a d , 0.1 M EDTA
[pH 8.0]) containing 15 m g lysozym e/m l and incubating for 30 m in a t 37* C a n d
75 RPM. 7.5 m l 0.1 M NaCl - 0.5 M Tris-HCl (pH 8.0) -10% sodium dodecyl
sulfate (SDS) w ere added. The samples were then subjected to three freeze-thaw
cycles a t -70° C and 65° C, and centrifuged at 6000 x g for 10 min. The
supernatant fluid was transferred to a clean tube, 2-3 g PVPP were added, and
the sam ple w as m ixed and incubated on ice for 30 min. PVPP was pelleted by
centrifugation at 8000 x g for 8 min. The supernatant fluid was transferred to a
clean tube, and the pellet was washed w ith an additional 8 ml phosphatebuffered saline solution (PBS; 130 mM NaCl; 10 m M sodium phosphate [pH 7.2]),
which w as then combined with the first supernatant fluid. Proteinase K was
added to a final concentration of 50 p g /m l, a n d the sample was incubated at 37°
C for 30 m in w ith slow shaking. Proteins w ere rem oved from the solution by
two extractions w ith Tris-buffered (pH 8.0) phenol. One-sixth volume 5 M NaCl
and 1 /9 volum e CTAB solution (10% hexadecyltrimethyl-ammonium brom ide in
0.7 M N aCl) were added, and the sample was m ixed and incubated at 65° C for 57 min. The sam ple was then extracted twice w ith Tris-buffered (pH 8.0) phenol:
chloroform: isoamyl alcohol (25:24:1) and twice w ith chloroform: isoamyl
alcohol (24:1). DNA was precipitated with 0.5 volum e 7.5 M am m onium acetate
and 1 volum e isopropanol at -20° C overnight. DNA was pelleted by
centrifugation at 6000 x g for 20 min, w ashed w ith 70% ethanol, dried at room
tem perature, and resuspended in 100-300 pi TE (10 mM Tris base, 1 m M EDTA,
pH 8.0).
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For the bead-beating lysis technique (Fig. 1.2.), 10 g (wet weight) rinsed
roots, 10 g sterilized 0.1-mm-diameter zirconia/silica beads (BioSpec Products,
Inc., Bartlesville, OK), and 10 m l extraction buffer (150 m M N aCl, 10 mM Tris-Cl
p H 8.0,100 mM EDTA, 4% SDS) were combined in a bead mill homogenizer cup
(BioSpec Products, Inc.) that w as packed in ice. The m ixture w as homogenized
fo r 15 s a nd cooled for 1 min. This cycle was repeated a total of 5 times. The
hom ogenized rhizosphere sam ple w as then subjected to three freeze-thaw cycles
a t -80° C and 65° C, transferred to a centrifuge tube, and centrifuged for 8 m in at
8.000 x g. The supernatant fluid was transferred to a clean tube and the pellet
w as w ashed with 3 m l 10 m M Tris-Cl (pH 8.0), centrifuged, and the resulting
su p ern atant fluid was com bined w ith the previous fraction. 2 g add-w ashed
PVPP w ere added to the supernatant fluid, which was then incubated on ice for
30 m in an d centrifuged at 8,000 x g for 8 min. As before, the resulting pellet was
w ash ed w ith 3 ml 10 mM Tris-Cl (pH 8.0), which was com bined w ith the
previous supernatant fluid after centrifugation. The supernatant fluid was then
extracted sequentially w ith Tris-buffered (pH 8.0) phenol, phenol: chloroform:
isoam yl alcohol (25:24:1), and chloroform: isoamyl alcohol (24:1). DNA was
p red p itate d with ethanol at -20* C overnight, and collected by centrifugation at
10.000 x g for 20 min. The pellet was dried and resuspended in approximately
400 |il TE. The extracted DNA was further purified using SpinBind cartridges
(FMC BioProducts, Rockland, ME) and low-melt gel electrophoresis as described
b y M or 6 et al. (1994), except th at electrophoresis was carried out for 1 h and
EDTA was not added to the electrophoresis gel or running buffers in order to
avoid inhibition of PCR by EDTA. H igh molecular w eight DNA (> 6 kbp) was
recovered from agarose gels b y SpinBind cartridge purification as described by
the manufacturer, except that EDTA was omitted from the w ash buffer.
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Genomic DN A w as extracted from p u re cultures of D. multivorans and D.
vulgaris using a technique modified from A m ann et al. (1992), as follows.
Approximately 200 m g (w et weight) bacterial cells w ere pelleted by
centrifugation a t 10,000 x g 4° C for 20 min, resuspended in SE buffer (0.15 M
NaCl, 0.1 M EDTA, p H 8.0) containing 1 m g /m l lysozyme, and incubated on ice
for 30 min. Proteinase K and SDS were added to a concentration of 50 jig /m l and
1% (w t/vol.), respectively. Cells were lysed by freezing the cell suspension at
-70° C followed im m ediately by thawing at 65* C and repeating the freeze-thaw
cyde for a total of 3 times. After incubating the m ixture at 37° C for 90 m in,
cellular debris w as pelleted by centrifugation at 10,000 x g 4°C for 30 m in and the
resulting supernatant fluid was transferred to a sterile tube. The supernatant
fluid was then extracted twice with an equal volum e of phenol (saturated w ith
TE [10 mM Tris, 1 m M EDTA, pH 8.0], 0.1 M NaCl, 1% SDS). One-sixth volum e 5
M NaCl and 1 /9 volum e CTAB were added to the phenol-extracted supernatant
fluid and, after incubating the solution at 65° C for 5 m in, it was extracted twice
with an equal volum e of phenol-chloroform-isoamyl alcohol (24:24:1). N u d eic
ad d s were p red p itate d by adding 1 /2 volume 7.5 M am m onium acetate a n d 1
volume isopropanol and incubating overnight at -20° C. N udeic a d d s w ere
collected by centrifuging at 10,000 x g at 4° C for 20 min, washed w ith 70%
ethanol, dried briefly, a n d then resuspended in sterile CIH2O. RNA was
degraded by ad d in g 2 pi DNase-free RNaseA (Sigma, St. Louis, MO) and
incubating at 37° C for 30 min. DNA was then repredpitated, as before, w ashed
with 70% ethanol, and resuspended in TE. D N A was extracted from m id exponential phase cultures of E. coli using standard techniques (Sambrook et al.,
1989).
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Amplification and Cloning of Desulfobacteriaceae 16S rDNA
A schematic diagram of the m ethods used to selectively recover
Desulfobacteriaceae 16S rDNA fragm ents is show n in Fig. 1.3. Selective
am plification of Desulfobacteriaceae 16S rDN A w as carried out either directly from
DNA extracted from the rhizosphere or by using nested PCR in w hich 16S rDNA
was first am plified with eubacterial prim ers and then subsequently w ith
Desulfobacteriaceae-sjpedfic primers. The second approach w as in ten d ed as a
m eans to dilute potential PCR inhibitors while simultaneously increasing target
DNA concentration. Primers fD l (5'gggaattcgtcgacAGAGTTTGATCCTGGCTCA-3') and rP2 (5*ggaagcttggatccACGGCTACCTTGTTACGACTT-3’) (Weisburg et al., 1991) were
used to am plify eubacterial 16S rD N A , while primers fDl and r804 (5ggaagcttggatccCAACGTTTACTGCGTGGA-3') were used to am plify a n 830 bp
region o f 16S rDN A from Desulfobacteriaceae (annealing sites are w ritten in upper
case letters). Prim er r804 was derived from probe 804, which w as designed to
target all m em bers of the Desulfobacteriaceae family except Desulfobulbus species
and Desulfoarculus baarsii (Devereux et al., 1992). The PCR m ixtures consisted of
50 m M KC1,10 m M Tris-Cl pH 8.3,2 m M MgCl2 , 200 pM each dN T P (dATP,
dCTP, dGTP, dTTP), 0.2 pM each prim er, and 1-2 pi DNA tem plate in a total
volum e of 100 pi. The 'hot-start' m ethod was used by heating the PCR m ixture to
94° C for 2 m in, and then adding 2 U Taq DNA polymerase to each reaction
mixture. The "hot start" m ethod w as used, and for amplification w ith fD l and
rP 2 ,30 cycles w ere used, each consisting of 1 m in at 92° C, 1 m in a t 37° C, and 2
m in at 72 ° C, using a Perkin-Elmer D N A Thermal Cycler (Perkin Elmer-Cetus,
N orw alk, CT) or Cydogene (Model PHC-3, Techne, Cambridge, UK) therm al
cyder. For fD l and r804, the annealing tem perature and m agnesium chloride
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Fig. 1.3. Schematic diagram of m ethod used for selective amplification of
Desulfobacteriaceae 16S rDNA fragments.
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concentration w ere optim ized for specificity and product yield. Specific
amplification of Desulfobacteriaceae 16S rD N A was ensured by using DNA
extracted from the following species as control DNA templates: D. multivorans
(positive control); D. vulgaris (negative control), and E. coli (negative control).
Controlling for specificity was im portant in this reaction because the r804 prim er
has only tw o mismatches with several non-target bacteria. Optimal specificity
and p ro d u ct yields were obtained by subjecting reaction mixtures to 40 PCR
cycles, each consisting of 1 min at 92° C , 1 m in at 65° C, and 1 min at 72° C,
followed by 5 m in at 72’ C. PCR products were analyzed by electrophoresis on a
0 .8 % agarose gel using standard techniques.

A m plified 16S rDNA fragments were purified from the PCR mixture,
ligated bidirectionally into plasmid vector pN oT A /T 7 (Five Prime Three Prime,
Inc., Boulder, CO) using blunt-ended ligation, and transform ed into com petent E.
coli cells u sin g the Prime PCR Cloning Kit (Five Prime Three Prime, Inc.) as
described b y the manufacturer. Because restriction digestion of PCR products
was not necessary in this cloning procedure, any bias associated w ith internal
restriction sites w as avoided. Transformants were selected for am pidllinresistance conferred by the pN oTA /T7 plasm id and colonies were screened for
inserts by alpha-complementation using X-Gal (5-bromo-4-chloro-3-indolyl-fi-D galactopyranoside) and IPTG (isopropyl-fi-D-thiogalactopyranoside) (Sambrook
et al., 1989). Further screening to ensure that white colonies chosen for analysis
contained the appropriate insert was carried out by using PCR to selectively
amplify the cloned insert (Fig. 1.4). For this purpose, PCR conditions described
above w ere u sed, except that the template consisted of 1-2 |il clone cells grown to
m id-exponential phase in Luria-Bertani broth (10 g/1 bacto-tryptone, 5 g/1 bactoyeast extract, 10 g/1 NaCl, pH 7.0) w ith 100 (ig/m l am pidllin.
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MspI

sequence one representative from
each RFLP pattern

Fig. 1.4. Schematic diagram of m ethod used to screen cloned inserts and place
th em into RFLP categories.
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In order to avoid sequencing all the cloned inserts, clones th at w ere found
to contain the 830 bp insert were placed into categories using restriction fragm ent
length polym orphism (RFLP) analysis (Fig. 1.4). Cloned inserts w ere amplified
using whole cells as tem plates in PCR, as described above. The PCR products
were then concentrated and desalted by ultrafiltration using Ultra-M C filter units
w ith a 10,000 nom inal molecular weight lim it low-protein-binding regenerated
cellulose m em brane (Millipore, Inc., Bedford, MA) as recom m ended b y the
manufacturer. Each PCR product was digested separately with the tetram eric
endonucleases MspI, Hhal, and Hinfl (Sambrook et al., 1989). Restriction
fragments and a m olecular weight standard (pBR322 DNA digested w ith HaeUl,
Sigma Chemical Co., St. Louis, MO) were resolved by gel electrophoresis in 4%
MetaPhor agarose (FMC Bioproducts) containing 0.2 Mg/ml ethidium brom ide
and were visualized b y UV excitation. Clones w ere categorized by com paring
restriction patterns obtained.

Sequencing and Phylogenetic Analyses
Plasm id DNA from at least one representative clone from each RFLP
category was purified using the Perfect Prep system (Five Prime Three Prime,
Inc.) and sequenced using a PRISM Ready Reaction Dye Deoxy Term inator Cycle
Sequencing Kit (Perkin-Elmer Cetus) and an ABI373A autom ated sequencer
(Applied Biosystems, Foster City, CA). Prim ers M13 -20, M13 reverse
(Stratagene, Inc., La Jolla, CA), and R536 (5'-ACCGCGGCKGCTGGC-3') were
used in sequencing reactions. Expected RFLP patterns for restriction
endonucleases Hhal, Hinfl, and MspI were generated for each cloned insert from
sequence data using the program DNA* (DNASTAR, Inc., Madison, WI) and
were compared to observed RFLP patterns (above).
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Close phylogenetic relatives of the sequences w ere found by comparing
them w ith Ribcsomal Database Project (RDP) sequences using the programs
SIMILARTTYJtANK and SUGGEST_TREE (Maidak et al., 1994) and sequences
in GenBank using BLASTN (Altschul et al., 1990). This allow ed for the
identification of the isolates' close relatives. The cloned sequences were aligned
w ith 16S rRN A sequences of other Desulfobacteriaceae, Myxococcus xanthus, and E.
coli using the ClustalW M ultiple Sequence Alignment P rogram (version 1.5;
(Thompson et al., 1994) and then using secondary structure characteristics to
m anually refine the autom ated alignments using the sequence editor, SEQAPP
(Gilbert, 1989). GenBank accession numbers for the sequences used in this study,
including those determined here, are shown in Table 1.1. O nly base positions
that w ere unam biguously aligned were used in subsequent analyses. This was
effected b y applying masks to the alignments to designate positions that were to
be included in analyses.
Phylogenetic trees were constructed using m axim um parsimony,
neighbor-joining, and least-squares methods available in the phylogenetic
analysis application package PHYLIP 3.57 (Felsenstein, 1989). The program
SEQBOOT w as used to generate 100 bootstrapped data sets from each alignment.
For m axim um parsim ony analyses, trees were inferred from the bootstrapped
data sets usin g the program DNAPARS, with the options for random ized input
order of sequences and global rearrangements invoked. For neighbor-joining
trees, the program DNADIST w as used to calculate Jukes-Cantor corrected
evolutionary distances for each of the 100 bootstrapped d ata sets. Subsequently,
the program NEIGHBOR was used to infer neighbor-joining trees from
evolutionary distances (once again with a randomized in p u t o rder of sequences).
For both parsim ony and neighbor-joining methods, the p rogram CONSENSE
was used to identify a consensus tree from the 100 trees generated by the
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Table 1.1. GenBank accession numbers for 16S rRNA sequences used in
phylogenetic analyses, including sequences determined here.
O rganism /C loned Sequence
Accession no.
clone 2B14
U85478
clone 4D19
U85479
clone A01
U85480
Desulfoarculus baarsii str. 2stl4, Konstanz
M34403
Desulfobacter curuatus str. AcRM3
M34413
Desulfobacter hydrogenophilns str. AcRSl
M34412
Desulfobacter latus str. AcRS2
M34414
Desulfobacter postgatei str. 2 ac 9
M26633
Desulfobacter sp. str. 4 a c ll
M34416
Desulfobacterium autotrophicum
M34409
Desulfobacterium vacuolatum
M34408
Desulfobacula toluolica
X70953
Desulfobulbus elongatus
X95180
Desulfobulbus propionicus str. 1 pr 3, Lindhorst
M34410
Desulfobulbus sp. str. 3p rl0
M34411
Desulfocapsa thiozymogenes str. Bra2
X95181
Desulfococcus multivorans str. 1 be 1, Goettingen
M34405
Desulfomonile tiedjei
M26635
Desulfonema limicola
U45990
Desulfonema magnum
U45989
Desulfosarcina variabilis str. 3 be 13, Montpellier
M26632
Escherichia coli subsp. K-12
M87049
Myxococcus xanthus str. DK1622
M34114
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bootstrapped data sets. Branch lengths for consensus trees w ere then obtained
by using DNADIST to calculate Jukes-Cantor distances from the original data set
(i.e., not from bootstrapped data sets) and the topologies of the parsim ony and
neighbor-joining consensus trees were used to construct trees w ith branch
lengths based on evolutionary distances w ith the tree-building program , FITCH.
This was done because branch lengths are n o t calculated by CONSENSE.
Likewise, least-squares trees were inferred by first using DNADIST to calculate
Jukes-Cantor distances directly from aligned sequences (with no bootstrapping)
and then using the FITCH program to infer phylogenetic trees from evolutionary
distances based on the Fitch-Margoliash least-squares m ethod. For least-squares
trees, the random ized input order and global rearrangements options were
invoked, an d trees resulting from 10 different input orders w ere evaluated.
Bootstrapped data sets were not used in least squares phylogenetic analyses
because the com putational intensity of this m ethod precluded analysis of
multiple d ata sets w ith the available com puter resources. For all tree-building
algorithms, global rearrangements w ere carried out. The program s RETREE and
DRAWGRAM were used to designate outgroup species and to plot trees. The
cloned sequences were also checked for potential chimeras by using the
CHECK_CHIMERA program of the RDP (Maidak et al., 1994).

Results and Discussion

DNA Purification and Amplification of 16S rDNA Fragments
Amplification of DNA extracted by the freeze/thaw m ethod w ithout
further purification w as achieved w ith the 'universal' prokaryotic prim ers, fD l
and rP2 by diluting root-associated DNA by a factor of 10-3 (Fig. 1.5). However,
use of the crude PCR product in subsequent amplification w ith fD l and r804
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Fig. 1.5. PCR product from selective am plification of near-complete
eubacterial 16S rRNA genes from DNA extracted from rhizosphere samples.
Prim ers fD l and rP2 w ere used in reactions. Lane 1 contains a molecular
w eight standard, with the length of each band given in base pairs. Lanes 2-10
contain PCR products from reactions with the follow ing templates: 2: E. coli
D N A (positive control); 3: D. multivorans D N A (positive control); 4: no
D N A (negative control); 5 - 10: DNA extracted from the rhizopshere in the
d ilu ted to 10*3 (lanes 5 and 8 ), 10*4 (lanes 6 and 9), 10'5 (lanes 7 and 10).
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resulted in non-specific amplification and background product form ation, and
direct am plification w ith fD l and r804 from the extracted DNA w as
unsuccessful. The latter result was not surprising due to the expected decrease in
target DNA and, hence, increase in the ratio of contam inating inhibitors
com pared to the universal amplification reaction. Because of these results, an
alternate cell lysis technique (bead beating) that generates higher yields (Mor£ et
al., 1994) and fu rth er purification of DNA were u sed in an attem pt to achieve
direct amplification of environmental DNA w ith fD l and r804. PCR
amplification w as achieved w ith DNA extracted b y the bead-beating technique
and purified by the SpinBind/low-melt agarose electrophoresis technique (Fig.
1.2 and 1 .6 ).

65 of 100 clones screened contained an insert of the expected size
(approxim ately 830 bp), and were further analyzed for restriction fragm ent
length polym orphism s (RFLPs). From RFLP analyses, 8 unique operational
taxonomic units (OTUs) were found, based on a com bination of 5 unique Hhal
fragm ent patterns (Fig. 1.7), 4 unique Hinfl patterns (Fig. 1.8), and 3 unique MspI
patterns (Fig. 1.9). M oyer et al. (1996), using sim ulated RFLP data from 16S
rRNA sequences available in the RDP, have show n that digestion w ith
combinations of 3-4 tetrameric restriction endonucleases detected >99% of the
different OTUs in their model data set. Therefore, it is likely that the three
tetrameric restriction endonucleases used in this stu d y were sufficient to screen
clones for unique sequences.

Sequence Analysis and Consideration for Potential Chimeras
Com parison of expected RFLP patterns generated from sequence data to
RFLP patterns determ ined empirically was used as a check against the quality of
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Fig. 1.6. PCR product from selective amplification of Desulfobacteriaceae 16S
rRNA gene fragm ents from DNA extracted from rhizosphere samples. Primers
fDl and r804 were used in reactions. Lanes 1 and 7 contain molecular weight
standards, w ith the length of each b an d given in base pairs. Lanes 2-6 contain
PCR products from reactions w ith the following tem plates: 2. rhizosphere DNA
diluted to 10'3; 3. rhizosphere DNA diluted to lfr4; 4. £. coli DNA (negative
control for specificity); 5. D. vulgaris DNA (negative control for specificity); 6 . D.
multivorans DNA (positive control).
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Fig. 1.7. Restriction fragm ent length polymorphism s generated by digesting PCR
amplified cloned 16S rD N A fragm ents w ith Hhal. Clones A01, E01, F01, F09, F10,
and 2B14 exhibited the sam e Hhal RFLP pattern, while patterns for clones E08,
F07, F25, and 4D19 w ere unique.
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Fig. 1.8. Restriction fragm ent length polymorphisms generated by digesting PCR
am plified cloned 16S rDNA fragments with Hinfl. Clones E01, E08, F01, F07, F10,
F25, and 2B14 exhibited the sam e Hinfl RFLP pattern, while patterns for clones
A01, F09, and 4D19 were unique.
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both sequence and RFLP data. As expected, RFLP patterns generated from
sequence data m atched empirically determined patterns well.
Analysis of the cloned sequences using the CHECK_CHIMERA program
of the RDP (Maidak et al., 1994) indicated that one of the eight sequences, A01,
had som e characteristics of a chimera. However, analysis of the predicted
secondary structure of A01 show ed complementary base-pairing for all 74 bp
w here the two potential chim era fragments were expected to form helices and
both fragments shared higher identity with D. multivorans (88.3% and 90.2% for
first an d second fragm ents, respectively) than w ith Desulfosarcina variabilis (84.1%
and 89.7%). I was therefore confident that A01 was not chimeric.

Phvlogenv of Retrieved 16S rDNA Sequences
Phylogenetic trees constructed using maximum parsim ony, neighborjoining, an d least squares m ethods exhibited similar topologies and placed all of
the cloned sequences w ithin the Desulfobaderiaceae near D. multivorans and D.
variabilis (Fig. 1.10-1.12). Two sequences were unique: A01, which shared 89.1%
identity w ith D. multivorans, and 4D19, which shared 96.1% identity with D.
variabilis. The rem aining 6 sequences (2B14, E08, F01, F07, F09, and F25) were
very closely related to D. multivorans (sharing 99.0 to 99.7% identity), suggesting
that they represented strains of this spedes. D. multivorans and D. variabilis are
mem bers of an SRB phylogenetic group whose members are capable of utilizing
a w ide array of electron donors for sulfate reduction (Devereux et al., 1989;
W iddel and Bak, 1992). It is likely that the doned sequences were derived from
sulfate reducers that possess capabilities similar to those o f D. multivorans and D.
variabilis.
The algorithms u sed for phylogenetic tree inference were chosen in order
to compare trees generated from methods with different underlying principles
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Fig. 1.10. Phylogenetic tree of clonedl 6 S rRNA gene fragm ents and 16S rRNA
sequences of m em bers of the Desulfobacteriaceae family constructed using a
maximum parsim ony m ethod. 688 base positions w ere considered in the
analysis. Bootstrap values (out of 100 trees) are show n adjacent to nodes. The
scale bar is in fixed nucleotide substitutions per sequence position.
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Fig. 1.11. Phylogenetic tree of cloned 16S rRNA gene fragments and 16S rRNA
sequences from m em bers of the Desulfobacteriaceae family constructed using a
neighbor-joining algorithm . Jukes-Cantor evolutionary distances w ere calculated
from 688 base positions. Bootstrap values (out of 100 trees) are shown adjacent to
nodes. The scale bar is in fixed nucleotide substitutions per sequence position.

36

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

■Desulfobotulus sapovorans
esulfosarcina variabilis

■ r

4D19
■A01
-Desulfonema magnum
—Desulfonema limicola

•Desulfococcus multivorans

F09
— F07
r F25
*— E08
2B14
FOl

rT -

Desulfobacter sp. str. 4ac 11

'

I— Desulfobacter
D ps
latus

— Desulfobacter hydrogenophilus
Desulfobacter curvatus
— Desulfobacter postgatei
Desulfobacula toluolica
- Desulfobacterium autotrophicum

---------- Desulfobacterium vacuolatum
-Desulfobulbus elongatus

Ji

u Desulfobulbus propionicus
-Desulfobulbus marinus

- Desulfoarculus baarsii
-Desulfomonile tiedjei

-------------------- Myxococcus xanthus
-------------------------------- Escherichia coli

0.02

Fig. 1.12. Phylogenetic tree of cloned 16S rRNA gene fragments and 16S rRNA
sequence of members of the Desulfobacteriaceae family constructed from
evolutionary distances using the Fitch-M argoliash least squares m ethod. JukesC antor evolutionary distances w ere calculated from 688 base positions. The scale
bar is in fixed nucleotide substitutions per sequence position.
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a n d biases, as well as for practical reasons such as limited availability of
com putational power, w hich precluded use of m axim um likelihood inference
techniques. Although m axim um likelihood inferences are gaining favor and are
considered by some to be the most statistically valid phylogenetic analysis
m ethod (Felsenstein, 1981; Russek-Cohen and Jacobs, 1993; Olsen et al., 1994a),
the less computationally intensive m axim um parsim ony, neighbor-joining, and
least squares m ethods used here should be sufficiently accurate given the
characteristics of the phylogenetic data se t analyzed (Felsenstein, 1988;
Felsenstein, 1989).
Analysis of m ultiple bootstrapped data sets (Felsenstein, 1985) w as carried
o u t for the computationally less intensive parsim ony and neighbor-joining tree
inference m ethods as a m eans of assessing the accuracy of each node (Fig. 1.10 1.11). Through analysis of simulated and experimental phylogenetic d ata sets,
Hillis and Bull (1993) have shown that bootstrap proportions generally reflect
v ery conservative estimates of accuracy. For example, in parsim ony analyses
u n d e r most conditions, bootstrap proportions of greater than 50% w ere m uch
low er than the probability that the corresponding node was correct (Hillis and
Bull, 1993). As a general rule, bootstrap proportions >70% corresponded to a
probability of 95% that a given clade w as accurate (Hillis and Bull, 1993). For
parsim ony analyses, bootstrap proportions were underestim ates of accuracy only
u n d e r conditions of highly unequal rates of change among different branches,
extrem ely high rates of change (i.e., such that characters were random ized w ith
respect to evolutionary history), or systematic biases in the data set (Hillis and
Bull, 1993). However, under these conditions, parsim ony m ethods are
themselves inconsistent (Felsenstein, 1978; Felsenstein, 1988). Zarkikh a n d Li
(1992a; 1992b) also evaluated bootstrapping as a m ethod for estim ating accuracy
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in parsim ony a n d neighbor-joining inference methods and likewise concluded
that bootstrap proportions could serve as conservative estimates of accuracy.
The high bootstrap proportions found in both parsim ony an d neighborjoining trees for the node connecting D. multivorans with 2B14, F01, F07, F08, F09,
and F25 (Fig. 1.10 -1.11) indicate the high probability of this node's accuracy.
Similarly, bootstrap proportions indicated a high probability of the placem ent of
4D19 as a neighbor of D. variabilis, w ith bootstrap proportions o f 100% for both
parsim ony and neighbor-joining trees (Fig. 1.10 -1.11). Much low er bootstrap
proportions and differences in branching patterns were observed for nodes
connecting A01 w ith other members of the Desulfococcus-DesulfosarcinaDesulfonema assemblage (Fig. 1.10 -1.12), implying that although A01 appears to
be a m em ber of this assemblage, its branching order is uncertain.
Parsim ony m ethods, such as the Fitch and Wagner parsim ony m ethod of
DNAPARS (Felsenstein, 1989) used to infer the tree in Fig. 1.10, are based on the
principle that the correct tree is that which minimizes the total nu m b er of
evolutionary steps needed to explain the observed data set (Felsenstein, 1988;
Swofford et al., 1996). Here, both local rearrangements (all possible
rearrangem ents of internal branches) and global rearrangem ents (rem oval of
each possible subtree followed by adding the subtree back in all possible places)
in the program DNAPARS were carried out in the search for a tree topology that
yielded the m ost parsimonious of all trees tested (Felsenstein, 1989). The
algorithm used in DNAPARS functions by adding an OTU, evaluating local and
global rearrangem ents, and then successively adding and evaluating rem aining
OTUs. Therefore, the input order of OTUs can affect the outcom e (Felsenstein,
1989). In order to avoid biases based on OTU input order, a different random
input order was used for each bootstrapped data set analyzed.
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Although parsim ony m ethods are widely used, they have been show n to
be inconsistent u n d er conditions of highly unequal branch lengths (Felsenstein,
1978). U nder these conditions, parsimony methods tend to cluster longer
branches together even if the resulting topologies are incorrect. This tendency is
d u e to the increased num ber of mutations in longer branches resulting in fewer
character sites that are informative (i.e., that reflect the true tree topology) and an
increase in sites th at are misinformative (i.e., that suggest an incorrect tree due to
m ore than one change in character state at a given site) (Felsenstein, 1978;
Felsenstein, 1988). However, the smaller the rate of overall evolutionary change
in the d ata set, the m ore unequal the branch lengths m ust be in order to generate
this inconsistency in parsim ony analyses (Felsenstein, 1988). Here, the
evolutionary distances am ong the sequences considered, w ith the exception of
outgroup species £. coli and M. xanthus, were less than 0.20 (Table 1.2) and were
therefore unlikely to be problem atic in parsimony analyses. Moreover,
com parison of the parsim ony tree (Fig. 1.10) with trees generated by neighborjoining and least squares m ethods (Fig. 1.10 -1.12) reveal very similar topologies.
For both neighbor-joining and least squares m ethods, the input data set
consisted of evolutionary distances calculated from sequence data (Table 1.2).
Here, Jukes-Cantor evolutionary distances (Jukes an d Cantor, 1969) w ere
calculated in the program DNADIST (Felsenstein, 1989). These corrected
evolutionary distances attem pt to account for superim posed mutations that are
likely to occur w ith increasing frequency as distances betw een sequences
increase (Swofford et al., 1996).
The neighbor-joining m ethod of Saitou and N ei (1987) was used to
generate the tree in Fig. 1.11. This method begins w ith a star-like tree topology
(i.e., one internal node connecting all OTUs). Using evolutionary distances, it
successively links neighbors (i.e., OTUs or groups of OTUs connected by a single
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Table 1.2. Jukes-Cantor evolutionary distances for partial 16S rRNA of 'molecular isolates' and members of the
Desulfobacteriaceae family.
Organism

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

27.

1. Escherichia coli
2. Myxococcus xanthus

0.240

3. Desulfoarculus baarsii

0.201 0.182

4. Desulfobacter curvatus

0.252 0.215 0.180

5. Desulfobacter hydrogenophilus 0.248 0.212 0.177 0.025
6. Desulfobacter lotus

0.244 0.217 0.177 0.031 0.018

7. Desulfobacter postgatei

0.248 0.206 0.185 0.031 0.020 0.021

8. Desulfobacter sp. str. 4acl 1

0.266 0.232 0.191 0.036 0.024 0.017 0.031

9. Desulfobacterium autotrophicum 0.224 0.195 0.161 0.094 0.091 0.095 0.089 0.101
10. Desulfobacterium vacuolatum

0.245 0.217 0.172 0.098 0.088 0.099 0.093 0.099 0.052

11. Desulfobotulus sapovorans

0.226 0.217 0.155 0.145 0.134 0.145 0.131 0.144 0.102 0.128

12. Desuifobacula toluolica

0.260 0.208 0.178 0.069 0.062 0.064 0.053 0.065 0.073 0.082 0.122

13. Desulfobulbus elongatus

0.246 0.212 0.161 0.165 0.155 0.157 0.147 0.164 0.158 0.176 0.165 0.146

14. Desulfobulbus propionicus

0.240 0.211 0.149 0.156 0.152 0.151 0.142 0.157 0.145 0.164 0.154 0.139 0.012

15. Desulfobulbus marinus

0.249 0.218 0.164 0.171 0.166 0.163 0.158 0.159 0.138 0.165 0.161 0.152 0.057 0.065

16. Desulfococcus multivorans

0.213 0.203 0.144 0.134 0.129 0.128 0.124 0.141 0.093 0.121 0.101 0.125 0.159 0.140 0.146

17. Desulfomonile liedjei

0.219 0.189 0.116 0.185 0.181 0.183 0.175 0.190 0.152 0.174 0.170 0.161 0.163 0.150 0.164 0.125

18. Desidfonema limicola

0.218 0.214 0.167 0.141 0.136 0.138 0.129 0.150 0.103 0.139 0.108 0.130 0.162 0.154 0.152 0.061 0.143

19. Desidfonema magnum

0.226 0.222 0.152 0.147 0.139 0.141 0.127 0.146 0.108 0.128 0.097 0.126 0.163 0.152 0.150 0.064 0.139 0.065

20. Desulfosarcina variabilis

0.219 0.207 0.147 0.134 0.129 0.138 0.119 0.143 0.094 0.113 0.107 0.124 0.139 0.120 0.137 0.076 0.127 0.088 0.077

21. 2B14

0.219 0.201 0.150 0.137 0.137 0.137 0.131 0.146 0.100 0.128 0.109 0.128 0.164 0.143 0.150 0.008 0.132 0.071 0.069 0.079

22. 4D19

0.224 0.216 0.154 0.145 0.139 0.147 0.129 0.152 0.102 0.123 0.118 0.131 0.151 0.130 0.146 0.083 0.139 0.092 0.082 0 020 0.087

23. A01

0.227 0.211 0.131 0.148 0.136 0.139 0.137 0.151 0.114 0.133 0.124 0.134 0.158 0.144 0.144 0.074 0.124 0.088 0.070 0.085 0.075 0.086

24. E08

0.229 0.209 0.160 0.148 0.143 0.143 0.136 0.155 0.108 0.139 0.116 0.137 0.173 0.153 0.157 0.017 0.139 0.078 0.076 0.088 0.010
0.219 0.201 0.150 0.137 0.137 0.137 0.131 0.146 0.100 0.128 0.109 0.128 0.164 0.143 0.150 0.008 0.132 0.071 0.069 0.079 0.000
0.226 0.206 0.157 0.144 0.142 0.142 0.135 0.154 0.101 0 129 0.112 0.127 0.170 0.150 0.154 0.014 0.137 0.075 0.074 0.084 0.009
0.218 0.200 0.147 0.135 0.134 0.134 0.128 0 145 0.099 0.127 0.108 0.125 0.163 0.144 0.147 0.009 0.131 0.070 0.068 0.080 0.006

25 IU1
26. F07
27. F09
28. F25

0.092 0.074
0.087 0.075
0.092 0 078

0.086 0.072
0.224 0.204 0.155 0.142 0 140 0 141 0 134 0.153 0.102 0.131 0.111 0.129 0.169 0.148 0.153 0.012 0.135 0.074 0.072 0.082 0.006 0 089 0.073

0.005

node) that m inim ize total tree length. This m ethod is algorithmic (Sw offord et
al., 1996); it produces one tree and does n o t evaluate alternative trees in order to
optimize an objective criterion (such as m axim um parsimony, least squares, or
m axim um likelihood m ethods do). H ow ever, it is computationally efficient and
therefore am enable to the analysis of large data sets and bootstrapping analyses
(Felsenstein, 1989).
The Fitch-M argoliash least squares m ethod was used to infer the
phylogenetic tree in Fig. 1.12 (Fitch and M argoliash, 1967; Felsenstein, 1989).
This m ethod calculates a least squares m easure of the lack of fit betw een
observed and expected distances given a certain tree topology and th en seeks to
minimize this criterion (Fitch and M argoliash, 1967). As in parsim ony tree
construction, both local and global rearrangem ents in the program FITCH were
carried o u t in the search for a tree topology that yielded the lowest least squares
m easure of all trees tested (Felsenstein, 1989). Because input order o f OTUs can
affect the outcom e (Felsenstein, 1989), trees constructed from 10 different random
OTU input orders were evaluated and com pared.

Potential Physiological and Ecological Characteristics of Novel Phvlotypes
The physiological characteristics o f the novel phylotypes' closest relatives
suggest that the versatility of this group o f SRB m ay contribute to their success in
the salt m arsh sedim ent. As its name suggests, the closest relative of A01, D.
multivorans, is capable of utilizing a diverse array of electron donors including
formate, lactate, ethanol, acetate, 3-16 C fatty a d d s (Widdel and Bak, 1992),
secondary alcohols such as 2-propanol a n d 2-butanol (Hansen, 1993), and
isobutyrate, (Hansen, 1993). Other electron donors utilized by m em bers of the
Desulfococcus-Desulfosarcina-Desulfonema assemblage indude H 2, fum arate,
malate, and benzoate (Widdel and Bak, 1992). All members of this g ro u p are
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capable of complete oxidation of organic carbon to C O 2. Such nutritional
versatility could be advantageous in a complex environm ent such as the salt
m arsh sedim ent and rhizosphere. In this habitat, potential electron donors for
SRB include compounds directly released from roots, such as products of
ferm entative metabolism in roots d u rin g periods of hypoxia or anoxia (i.e.,
ethanol, malate, and probably acetate; Hines et al., 1989), as well as low
m olecular w eight compounds such as fatty a d d s an d amino ad d s released from
areas o f root necrosis or from sloughed root cells. Electron donors m ay also be
indirectly supplied to SRB by ferm entative and acetogenic bacteria that
incom pletely oxidize dissolved organic carbon released from roots and detritus.
Acetate, for example, is thought to be an im portant intermediate produced by
ferm entors and subsequently utilized by SRB (Smith, 1993). Other com pounds
that have been found to stimulate sulfate reduction rates in salt m arsh sedim ents,
and therefore m ay be significant substrates for SRB, indude lactate, ethanol,
butanol, and formate (Smith, 1993).
A nother physiological trait possessed by all members of the DesulfococcusDesulfosardna-Desulfonema assemblage is m otility (Widdel and Bak, 1992), w hich
w ould be advantageous in adapting to rapidly changing microscale gradients in
redox potential and electron donor availability. In addition, aerobic respiration
by D. multivorans has been reported (Dilling and Cypionka, 1990), suggesting
that D. multivorans' dose relatives (i.e., A01 and 4D19) may also be capable of
aerobic respiration, or at least exhibit some tolerance of oxygen.

C ondusions
The phylogenetic diversity o f the SRB com m unity inhabiting the
rhizosphere of the salt m arsh cordgrass, S. alterniflora, was investigated by
selectively retrieving and analyzing 16S rRNA gene fragments directly from
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rhizosphere bacterial DNA. D ue to the presence of high levels of humic
com pounds and clays in the salt m arsh rhizosphere environm ent, it was
necessary to attem pt several m ethods of DNA extraction a n d purification.
Successful DNA purification w as achieved by using a bead-beating lysis
technique followed by low-melt agarose gel electrophoresis. PCR was then used
to selectively amplify Desulfobacteriaceae 16S rDNA sequences, w hich were cloned
and analyzed. The eight gene fragm ents that were sequenced w ere all found to
be m em bers of the Desulfococcus-Desulfosardna-Desulfonema assemblage. Two
sequences appeared to represent novel Desulfobacteriaceae species: A01 which
shared 89.1% identity with D. multivorans and 4D19 which shared 96.3% identity
w ith D. variabilis. The rem aining six sequences were very closely related to D.
multivorans, sharing 99.0 - 99.7% identity with the published D. multivorans
sequence. It is likely that the novel phylotypes found share physiological traits
with their closest relatives, w hich utilize a diverse array of electron donors, are
capable of complete oxidation of organic carbon to CO 2, an d are capable of
aerobic respiration.
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CHAPTER TWO

POPULATION DYNAMICS OF UNCULTIVATED SULFATE-REDUCING
BACTERIA IN A SALT MARSH SEDIMENT AND RHIZOSPHERE OF
SPARTINA ALTERNIFLORA

Introduction
The advent of molecular microbial ecology has provided a glim pse of the
extensive genetic diversity of soil microbial communities and, at the sam e time,
has underscored the fact that their structure and dynamics are largely unknow n.
A ttem pts to describe the genetic diversity of natural soil or sedim ent
com m unities have included DNA reassodation experiments (Torsvik et al., 1990;
Torsvik et al., 1994), 16S rDNA retrieval an d analysis (Bomeman et al., 1996),
fractionation of total bacterial DNA by G+C content (Holben and H arris, 1995),
and cross-hybridization of bacterial DNA from two communities (Ritz a n d
Griffiths, 1994), all of which have pointed to highly complex assem blages of
bacterial populations. For example, Torsvik et al. (1990) estimated that 10 3-104
different genomic equivalents were present in one gram of soil, while Bom em an
et al. (1996) recovered 124 previously undescribed 16S rRNA gene sequences
from an agricultural soil. These studies of genetic diversity have p rovided
valuable b u t qualitative insights into m icrobial community composition. Several
investigations of the quantitative significance of various phylogenetic g roups in
soils and sedim ents have been conducted, but these have generally in d u d e d
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culturing (e.g., Braun-Howland et al., 1993) or enrichment (Spring et al., 1993;
Brink et al., 1994; Telang et al., 1994) steps, or have been lim ited to extremely
broad phylogenetic groups, such as dom ains (e.g., Krumholz et al., 1995). As a
result, very little is known about com m unity structure and how it is influenced
by different environmental conditions or different microhabitats.
In plant-inhabited soils and sedim ents, a particularly im portant
m icrohabitat is the rhizosphere, or region of soil immediately surrounding and
influenced by the roots of a plant. Key biogeochemical processes such as organic
m atter decom position, pollutant degradation (Anderson et al., 1993; A nderson et
al., 1994), an d non-symbiotic nitrogen fixation (Teal et al., 1979) occur at
accelerated rates in the rhizosphere a n d greatly influence plant health and
ecosystem functions. In addition, in w et soils and sediments, the rhizosphere
harbors the prim ary redox gradients w hich control precipitation and dissolution
of geochemicals, hydraulic conductivity, and w hether microbes adhere to solids
or are transported. Despite its importance, very little is know n about this subset
of the total soil microbial community, or how it differs from its non-rhizosphere
counterpart.
In the current study, a natural sedim ent and rhizosphere com m unity w as
investigated by combining findings from a qualitative molecular phylogenetic
survey of microbial diversity (Chapter One) w ith a quantitative stu d y of the
environm ental significance of novel phylotypes. The sulfate-reducing bacteria
(SRB) com m unity inhabiting a salt m arsh sedim ent was chosen as a m odel
system because both the biogeochemical dynamics of this com m unity an d the
physiology and 16S rRNA phylogeny o f SRB have been relatively well studied.
Sulfate reduction is the dominant term inal electron accepting process and
accounts for m ore than half of the total decomposition (including aerobic) of
organic m atter in salt marshes (Howarth and Hobbie, 1982). In addition, the salt
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m arsh cordgrass, Spartina altemiflora, is the most thoroughly studied of marine
w etlan d plants and considerable information is available o n plant-sedim ent
interactions, production of organic compounds by roots, a n d aspects of
decom position in sediments (Dacey and Howes, 1984; H ow es et al., 1985;
M endelssohn and McKee, 1987; Hines et al., 1989; Hines, 1991). Sulfate reducing
activity has been shown to be closely tied to plant phenology, suggesting that
plant-SRB interactions in the S. altemiflora rhizosphere play an im portant role in
salt m arsh biogeochemical cycles (Hines et al., 1989; Hines, 1991). To date, the
16S rRNA phylogeny of SRB is one of the most complete, a n d hybridization
probes are available for each of the major groups and several individual species
(Devereux et al., 1989; Devereux et al., 1990; Devereux et al., 1992). The
phylogenetic groups are also defined by distinct physiological features, in
particular, the ability to use specific electron donors. Therefore, comparative
rR N A m ethods may also provide information on the types o f substrates used by
rhizosphere bacteria.
As mentioned in C hapter One, previous 16S rRNA p robing studies have
show n that members of the Desulfobacteriaceae family targeted by probe 804
(Devereux et al., 1992) played a significant role in the salt m arsh sediment and
rhizosphere of S. altemiflora (Devereux et al., 1996; Hines et al., in prep). In
C hapter One, direct retrieval of 16S rRNA gene fragments from rhizosphere
sam ples w as used to discover novel phylotypes A01 and 4D19, which were
m em bers of the Desulfobacteriaceae family. While this study show ed that novel
phylotypes existed in the salt m arsh rhizosphere, the polym erase chain reaction
(PCR)-based method used to recover sequences A01 and 4D19 cannot be used to
describe the quantitative significance of the phylotypes. In fact, several studies
have show n that the amplification of mixed populations of 16S rRNA genes
results in PCR products that do not quantitatively reflect th e distribution of 16S
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rRNA genes p resent in the original sample (Reysenbach et al., 1992; W ilson and
Blitchington, 1996). For example, Reysenbach et al. (1992) found that 16S rRNA
genes from Saccharomyces cerevisiae were selectively amplified from a m ixture of
DNA purified from two strains of extremely thermophilic Archaea and from S.
cerevisiae DNA. Similarly, Wilson and Blitchington (1996) found that the
diversity of 16S rRNA genes present in amplicons from 35 cycles of PCR was
low er than th a t of amplicons from nine cycles of PCR, indicating preferential
amplification of certain 16S rDNA sequences. In addition, the potentially vast
diversity of 16S rRNA genes present in a given sediment or rhizosphere sam ple
(see Introduction) precludes quantitative assessment of their distribution via
PC R /cloning m ethods due to the enorm ous num ber of cloned sequences that
w ould have to be analyzed. Given these limitations of PCR-based approaches, I
chose to directly probe 16S rRNA extracted from sediment and rhizosphere
samples to quantitatively study the environm ental significance and population
dynamics of the novel phylotypes described in Chapter One. Thus, the objectives
of this chapter were to: 1) develop a new technique to synthesize reference
RNAs for the uncultivated phylotypes; 2) design and optimize 16S rRNAtargeted oligonucleotide probes that specifically target the novel phylotypes; and
3 ) apply the new ly designed and currently available probes to quantitatively

investigate the population dynamics of the targeted phylotypes in the m arsh
sedim ent and rhizosphere.

M ethods
Study Site an d Sample Collection
Samples were collected from a tall-form, creekside stand of S. altemiflora in
Chapm an's M arsh in southeastern New H am pshire as described in C hapter One.
Sediment cores w ere either processed w ithin 1-2 h of sample collection or stored
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at -80° C until used for further m anipulations. Cores were collected biweekly or
m onthly from 3 November 1993 to 5 October 1994.

G eneration of RNA Standards by In Vitro Transcription
Reference RNAs containing the target sequences for the probes for novel
phylotypes a n d for the eubacterial probe (EUB338; Table 2.1; Stahl et al., 1988)
were generated using in vitro transcription w ith the cloned environm ental
sequences A01,2B14, and 4D19 (Chapter One) serving as tem plate D N A (Fig.
2.1). In o rd er to generate a transcript th at contained a sense 16S rR N A sequence,
it w as first necessary to unidirectionally sub-done inserts into a plasm id vector
that contained an RNA polymerase prom oter located at the 5’ end of the 16S
rDNA in s e r t This w as done by first d e av in g the inserts from pN oTA using Sail
and BamHl —endonudeases whose recognition sequences had been incorporated
into the 5' ends of primers fDl and r804, respectively, that were u sed to am plify
16S rR N A gene fragments from environm ental samples, as described in Chapter
One. The d eav e d insert was then separated from pNoTA DNA by gel
electrophoresis in 2.5% NuSieve agarose (FMC Bioproducts, Inc., Rockland, ME)
and d o n e d into pBluescript IIKS + (pBS; Stratagene, Inc., La Jolla, CA) that had
been previously digested with BamHl a n d Sail (Sambrook et al., 1989). pBS was
transform ed into competent E. coli cells a n d transformants were screened for
inserts as described in Chapter One.
P lasm id DNA was isolated from transform ants and linearized by
digestion w ith Xbal, which deaved pBS a t the 3' end of insert sequences. Because
the presence of unlinearized plasmid w ould lead to preferential production of
RNA transcripts of the entire plasmid sequence, complete Xbal digestion was
ensured b y analyzing an aliquot of the digest m ixture by gel electrophoresis in
0.8% agarose. Xbal and RNases were then inactivated by treatm ent w ith 50
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Table 2.1. 16S rRNA oligonucleotide probes and target groups
Targets

Probe

Probe Sequence

Target Wash
site* temp.
°C

A01

A01-183 CCCCTAAGAAAATACGAT 183-201

40

A01

AO1-267

CTAACCATCGCGGCCTTG 267-285

53

4D19

4D19-189 CCCTTGATCCAACATTCC 189-207

46

Most eubacteria

EUB3386 GCTGCCTCCCGTAGGAGTc 338-356

48

Most eubacteria and A01

AO1-338 GCTGCCTCCCGTAGGMGT 338-356

48

ACCTAGTGATCAACGTTT 814-831

45

Desulfococcus multivorans
Desulfosarcina variabilis
Desulfobotulus sapovorans

814*

a E. coli numbering.
b Stahl etal. 1988.
c M refers to A or C
d Devereux et al. 1992.
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pNoTA
BamHl

Sail
I

• Prepare plasmid preps from selected
pNoTA/I7 clones (bidirectional
insertion of fragments from
blunt-ended ligation)

pBS
• Sub-clone insert unidirectionally
into pie-digested pBluescript SK

Promoter

Xbal
• linearize plasmid by digestion with
Xbal

plasmid T7 Promoter cloned insert
DNA
1
• In vitro transcription
plasmid T7 Promoter cloned insert
DNA
RNA transcript
\

• DNase treatment to remove
template DNA

rNTPs, T7 RNA Pol
RNA transcript

RNA
transcript

• Sephadex column purification
of RNA

analyze RNA by denaturing
PAGE and spectrophotometry

Fig. 2.1. Schematic diagram of m ethod used to synthesize reference RNAs via in
vitro transcription.
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M g /m l proteinase K for 30 m in at 37° C. The m ixture was extracted tw ice w ith

Tris-buffered phenol: chloroform: isoamyl alcohol (25:24:1; p H 8.0), a n d the
linearized plasm id w as precipitated with ethanol and resuspended in sterile
CIH2O. The in vitro transcription reaction components were assem bled in an
RNase-free m icrofuge tube on ice, and contained the following: transcription
buffer (40 m M Tris-HCl [pH 8.0], 8 mM M gC h, 50 m M NaCl, 2 m M sperm idine,
30 m M DTT), 1 pg linearized pBS DNA, 400 |iM each rNTP (rATP, rCTP, rGTP,
rUTP), 30 m M DTT, 1 pi RNase inhibitor (Boehringer M annheim Corp.,
Indianapolis, IN) and 10 U T7 RNA polymerase (Stratagene, Inc.) in a total
volume of 25 pi. After incubating the reaction at 37° C for 1.5 h, an equal volum e
of sterile d H 2 0 was added and the tem plate DNA was degraded by ad d in g 1 pi
RNase-free DNase I (Stratagene, Inc.) and incubating at 37° C for 15 m in. T7 RNA
polym erase w as then inactivated by heating the mixture to 75° C for 10 m in and
the RNA p ro d u ct was purified using N uClean R50 Sephadex spin colum ns
(VWR Scientific, Inc., Bridgeport, NJ). The purified RNA transcripts w ere then
analyzed b y spectrophotometry, to determ ine their concentrations, a n d by
denaturing polyacrylamide gel electrophoresis, to ensure that they w ere of the
expected m olecular w eight (Sambrook et al., 1989).

Probe Design and Optimization
O ligonucleotide probes for novel Desulfobacteriaceae 16S rRNA sequences
were designed by examining an alignm ent 16S rRNA gene fragm ents retrieved
directly from Chapm an's marsh S. altemiflora rhizosphere samples (Chapter One)
and all previously described Desulfobacteriaceae 16S rRNA sequences available
from the Ribosomal Database Project (RDP) (Maidak et al., 1994). Regions that
contained sequences unique to the novel phylotypes were considered as potential
probe target sites. Other factors that were also considered in probe design
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included extent of mismatch between target and non-target sequences, probe
G+C content, an d predicted accessibility of the probe target site in in situ
hybridization (Am ann et al., 1995). Intended probe specificity was checked
against the RDP using the CheckProbe utility (Maidak et al., 1994). Probe target
sequences a n d specificity are shown in Fig. 2.2. Other oligonucleotide probes
used in this stu d y included 814 (complementary to D. multivorans, Desulfosarcina
variabilis, and Desulfobotulus sapovorans 16S rRNA; Devereux et al., 1992); EUB338
(com plem entary to almost all known Bacteria 16S rRNAs; Stahl et al., 1988); and
bacterial probe A01-338 (Table 2.1).
O ptim al w ash temperatures for the new ly designed 32P labeled specific
probes w ere determ ined following hybridization w ith the target RNAs generated
by in vitro transcription (above). Oligonucleotide probes were labeled w ith 32P
following Devereux et al. (1992) and purified from unincorporated 32P using
N ensorb 20 cartridges (Dupont Corp., W ilmington, DE) (Stahl and A m ann, 1991).
Reference RNAs were denatured by adding 3 volumes 2% glutaraldehyde in 50
mM sodium phosphate (pH 7.0) to 1 volume RNA solution and incubating at
room tem perature for 10 min (Stahl and Am ann, 1991). Denatured RN A was
then diluted to 125 [ig/m l with dilution w ater (sterile CIH2O containing 0.0002%
brom ophenol blue and 1 pg/m l poly [A]). Using a slot blot device (Minifold ET;
Schleicher and Schuell, Inc., Keene NH) under slight vacuum, 12.5 n g (in a
volume of 100 |xl) of each RNA standard was applied to Immobilon-N
m em branes (Millipore Corp., Bedford, MA) that had been pre-w etted in 95%
ethanol an d rinsed in CIH2O. Membranes were then dried at room tem perature
and baked at 80° C for 1 h prior to hybridization.
For each optimization experiment, m em branes loaded with reference
RNAs w ere cut into 5 strips, each containing triplicate blots with 12.5 ng RNA.
Each strip w as then placed in a 14 ml disposable screw-cap tube and pre-w etted
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Species/Sequence
Target
4D19
Desulfococcus multivorans
Desulfosarcina variabilis
Desulfoarculus baarsii
Desulfobotulus sapovorans
Desulfonema limicola
Desulfonema magnum

A01-183
CAUCGUAUUUUCUUAGGGG

2AUCjaAU&UUC£U2GGA&
AOUCAUPUAOGCUGPGGPP

2AUC£AAAU&UCUU£GGA2

2A£CAS2&£A&CU22GG22
PQUPGURUUUUCUUCGGGG
AGUCAUPA-AUACCCCGGP
2A U C -UPGAQAACUPCGGP

Species/Sequence
Target

_______ A01-267_______

4D19
Desulfococcus multivorans
Desulfosarcina variabilis
Desulfoarculus baarsii
Desulfobotulus sapovorans
Desulfonema limicola
Desulfonema magnum

CAAGGCGACGAUGGUUAG
CAAGGCGACGAUGGUUAG
CAAGGCMCGAUGGUUAG
YAAGGCCGCGAUGGgUAG
CAAGGCAGPGAUGGGNAG
CAAGGCAPCGAUGGUUAG
CAAGGCPPCGAUGGUUAG

Species/Sequence
Target

GGAAUGUUGGAUCAAGGG

A01
Desulfococcus multivorans
Desulfosarcina variabilis
Desulfoarculus baarsii
Desulfobotulus sapovorans
Desulfonema limicola
Desulfonema magnum

GGGGGAPGCGGUCAAGGP
GGPPPAGAPGAUGAAAGG
GGA2U2UUGGAUCAAGGG
CGGPUGPUGCGGNNAAAG
GGGAAPGC-AACCAAAGA
GGPAUPAAPGAUGAAAGA
GGPPUPUAAGAUCAAAGG

CAAGGCCGCGAUGGUUAG

4D19-189

Fig. 2.2. Comparison of probes A01-183, A01-267, and 4D19-189 with aligned
sequences from empirically tested non-target SRB and other closely related
sequences. Mismatches w ith probe target sequence are show n in boldtype and
underlined.
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by ad d in g 1.6 m l hybridization buffer (0.9 M NaCl, 50 mM sodium phosphate
[pH 7.0], 5 m M EDTA, 10X Denhardt solution [Sambrook et al., 1989], 0.5% SDS,
an d 0.5 m g /m l poly [A]) and incubating at 40* C for 2 h in a rotating
hybridization oven (Hybaid Instruments, Holbrook, NY). 20 pi 32P-labeled probe
w as then a d d e d to each tube and hybridization was allowed to occur by
incubating a t 40° C for 14-16 h in the rotating incubator. After rem oving the
hybridization solution, the membranes w ere w ashed by adding 1.6 m l w ash
buffer (1% SDS - IX SSC [0.15 M NaCl, 0.015 M sodium citrate, pH 7.0]), and
rotating a t room tem perature for 30 min. A fter removing the initial w ash buffer,
each of the 5 m em brane strips was then subjected to a second w ash by adding 1.6
m l fresh w a sh buffer and incubating at 40°, 45°, 50°, 55°, or 60° C, w ith rotation
for 30 m in. The membranes were then air-dried briefly and the rem aining bound
probe w as quantified using a gas proportional radioisotope detection system
(Ambis, Inc., San Diego, CA). Probe signals were corrected for background
hybridization levels. It should be noted th at it w as necessary to om it poly(A)
from hybridization buffers for hybridizations w ith one of the new ly designed
probes (A01-183) because the probe target contained a U-rich region (Fig. 2.2,
Table 2.1) that appeared to be blocked by poly(A).
O nce the optim al probe wash conditions had been roughly determ ined
(above), w ash conditions were then refined a n d probe specificity w as tested
empirically. This was accomplished by preparing reference RNA m em branes for
each probe, w ith each membrane containing triplicate 50 ng blots of D.
multivorans RNA, D. variabilis RNA, and Desulfoarculus baarsii RNA, and triplicate
12.5 ng blots of each of the reference RNA transcripts. Reference RNAs from
cultivated organism s were kindly provided by R. Devereux. The m em branes
were p repared and hybridized as described above, except that:
prehybridizations, hybridizations, and w ashes were performed in screw-cap
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hybridization tubes; 10 m l prehybridization, hybridization, and wash buffers
w ere used; and approximately 400 pi 32P-labeled probe w as used. For each
probe, 4 membrane wash tem peratures were used, consisting of 2° C increments
th at bracketed the approxim ate Td as determined above.

Application of Probes to Environm ental RNA
RNA was extracted from sedim ent and rhizosphere sam ples using a
technique modified from that of Devereux et al. (1992). For rhizosphere sam ples,
excess b ulk sediment w as briefly rinsed from roots as described in Chapter One.
For b u lk sediment samples, RN A w as extracted directly from sectioned cores
containing both roots and sed im en t Approximately 10 g bulk sedim ent or roots
(w et weight), 10 g baked 0.1 m m -diam eter zirconia/silica beads, and 1.275 ml
phenol equilibrated with 50 m M NaAcetate/10 mM EDTA (pH 5.2) were
com bined in a 20 ml bead m ill homogenizer cup (BioSpec Products, Inc.,
Bartlesville, OK). The m ixture was homogenized for 15 s, allow ed to cool on ice
for 1 m in, and re-homogenized for an additional 15 s. The sam ple was
transferred to a 50 ml centrifuge tube and centrifuged a t 8,000 x g for 8 m in a t 4°
C. The supernatant fluid w as transferred to a clean tube, and the pellet was
resuspended in 5 ml 50 mM N aA cetate/10 mM EDTA (pH 5.2), vortexed,
centrifuged as before, and the supernatant fluids were combined. The
su p ern atant fluids were extracted w ith phenol (equilibrated w ith 50 mM
N aA cetate/10 mM EDTA [pH 5.2]), phenol: chloroform (1:1), and chloroform:
isoam yl alcohol (24:1). Nucleic a d d s were predpitated by adding 0.1 volum e
3M N aA cetate and 2 volumes 95% ethanol, and incubating overnight at -20° C.
N u d e ic a d d s were then pelleted by centrifugation at 12,000 x g , 4° C for 30 min,
the pellet w as washed w ith 80% ethanol, dried, and resuspended in 100-500 |il
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sterile CIH2O. N u d e ic a d d s were further purified using Sephadex G25 spin
columns (M oran et al., 1993) and were analyzed by spectrophotometry.
Serial dilutions of RNA extracted from salt m arsh samples w ere applied to
nylon m em branes an d hybridized w ith probes A01-183,4D19-189,814, EUB338,
or AO1-338. Probe signals from environm ental RNA samples were com pared
w ith those from serial dilutions of reference RNAs that were im m obilized on the
same m em brane. Reference RNAs consisted of RNA generated by in vitro
transcription (above) for probes A01-183 an d 4D19-189 or rRNA extracted from
D. sapovorans for probe 814. For membranes hybridized with specific probes, a
range of 0.78 to 12.5 n g /b lo t transcript reference RNA was applied to
mem branes, w hile for membranes hybridized w ith the bacterial probes 0.78 to
100 n g /b lo t transcript RNA was used. The corresponding amounts of reference
RNAs (extracted from pure cultures of D. sapovorans) used for probe 814 were
1.56 to 25 n g /b lo t for membranes probed w ith 814 and 1.56 to 200 n g /b lo t for
m em branes probed w ith EUB338. The relative abundances of the specific probe
targets as a function of total eubacterial rRN A w ere determined by first
quantifying radioactive signal per blot and correcting for background. N ext, the
following equation was used to calculate relative abundances (RA):

RA

(mssXmsR)'1
------------------- X 100%
(mEsXniER) '1

where mss is the slope of specific probe signal per unit sample RNA; msR is the
slope of the specific probe signal per unit reference RNA; hies is the slope of the
eubacterial probe signal per unit sample RNA; and

h ir r

is the slope of the

eubacterial probe signal per unit reference RNA. Samples for which the slope of
probe signal per un it RNA was not linear (i.e., R 2 < 0.90) were om itted from
analyses.
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Results and Discussion
In Vitro G eneration of Reference RNAs
In order to quantitatively determ ine the relative abundance of a specific
rRNA target as a function of total eubacterial rRNA, it is necessary to use
reference RNA containing both the specific and eubacterial target sequences. For
probes targeting cultivated bacteria, a source of reference RNA is readily
available from pure cultures of the organism . However, for probes designed to
specifically target yet uncultivated bacteria, an alternate source of R N A standard
m ust be used. Here, an RNA standard w as generated using in vitro transcription
w ith the cloned environmental sequences as template DNA. The R N A transcript
thus p ro d u ced (Fig. 2.3) contained a sense RNA sequence presum ably identical
w ith positions 9 to 822 (E. coli num bering) of the uncultivated bacterium 's 16S
rRNA. This region indudes the target sequences of both the EUB338 probe and
the n ew ly designed probes.
The use of in vitro RNA synthesis is an attractive alternative to
conventional extraction of reference RNA from pure cultures, even for cultivable
organism s. Once the reference rD N A sequence has been doned, in vitro
transcription can be used to rapidly generate (ig quantities of highly purified
RNA. Because other cellular RNAs are not present in the purified transcription
product, the concentration of actual target sequences is easily determ ined by
m easuring the nudeic a d d concentration of the purified product. In addition, it
is m uch easier to cultivate E. coli d o n es containing the target sequence than slowgrow ing or fastidious organisms that m ay contain the desired reference RNA.
O ne precaution that should be taken w hen using this approach, espedally
for previously undescribed phylotypes, is comparison of the d o n e d sequence to
probe target sites to ensure that expected target sequences are present. For
exam ple, the EUB338 target in done A01 was found to contain a G 340 residue,
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Fig. 2.3. Characterization of synthetic RNA generated via in vitro
transcription of cloned 16S rRNA gene fragments. An RN A m olecular
w eight standard (lane 1) and RNA transcripts from clones A01 (lane 3), 4D19
(lane 4), and 2B14 (lane 5) were analyzed by denaturing polyacrylam ide gel
electrophoresis.
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resulting in a G-A m ism atch with the published EUB338 probe. This mismatch
m ay be due to a n error in nucleotide incorporation by Taq polymerase, although
it w ould also b e tolerated by predicted secondary structure m odels as it results in
a non-canonical base pair, G-A, that is common in 16S rRNA (Woese et al., 1983).
In order to account for this mismatch, a m odified EUB338 probe (5'GCTGCCrCCCGTAGGMGT-3', where M is A or C; A01-338) was used for
hybridizations in w hich A01 RNA was used as a standard. The EUB338 target
site in the rem aining seven 16S rDNA fragm ents that w ere sequenced contained
the expected EUB338 probe target

Design and O ptim ization of Oligonucleotide Probes
Oligonucleotide probes were designed that targeted unique sequences of
the two novel phylotypes, A01 and 4D19, described in C hapter One (Fig. 2.2,
Table 2.1). Probe targets for both A01-183 a n d 4D19-189 are w ithin the 180-220
region of the 16S rRNA molecule - a region th at is highly variable in sequence
and also is som ew hat variable in length (Woese et al., 1983). For example, A01
and 4D19 sequences contained 16 and 17 m ore bases, respectively, than E. coli 16S
rRNA in the 180-220 region. It was thought that the variability of this region
w ould result in high specificity of the probes for their intended targets. In
addition, the num ber and position of mismatches of each probe w ith currently
available 16S rR N A sequences (Fig. 2.2) indicate high probe specificity, especially
for probe A01-183 w hich has 4 mismatches w ith its closest know n non-target
relatives.
The em pirically determined probe TdS for A01-183 and 4D19-189 were 40°
C and 46° C, respectively (Fig. 2.4-2.5). These TdS are sufficiently close for
simultaneous hybridization with both probes. In addition, empirical specificity
tests of both probes show ed no detectable probe rem ained bound to non-target
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Fig. 2.4. Td determ inations for probes A01-183 (top) and A01-267 (bottom )
designed to specifically target phylotype A01. The am ount of probe rem aining
bound to target RNA after washing m em branes at various tem peratures was
norm alized to the average probe signal after w ashing at 35° C (top) or 40° C
(bottom).
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Fig. 2.5. Td determinations for probe 4D19-189 designed to specifically target
phy lo ty p e 4D19. The am ount of probe remaining bound to target RNA after
w ash in g m em branes at various tem peratures was norm alized to the average
probe signal after w ashing at 40° C.
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reference RNAs after membranes were w ashed at their respective TdS, thereby
supporting the high level of probe specificity intended (Fig. 2.6).
Probe A01-267 was designed to target a m oderately conserved region of
the 16S rRNA molecule (Stahl and Am ann, 1991; W ard et alv 1992) and contained
only one m ism atch w ith 16S rRNA from D. baarsii (Fig. 2.2). This second probe
for A01 was designed to allow for the detection of A01 and, potentially, other
undescribed organism s that are closely related to A01. It was intended for use as
a probe within w hich A01-183 should be nested, as well as a means to detect A01
and relatives in the case that the relative abundance of A01 itself (as targeted by
the highly specific probe A01-183) were below the detection limit. An analogous
probe to specifically target a moderately conserved region of 4D1916S rRN A
could n o t be identified. Unfortunately, empirical tests of the specificity o f A01267 revealed th at its single mismatch was insufficient to confer specificity for A01
alone. After w ashing membranes hybridized w ith A01-267 at its Td (53 0 C; Fig.
2.4; Table 2.1), the D. baarsii signal was greater than 10% of the corresponding
A01 signal. Therefore, A01-267 was not used to probe environmental RNAs.
A lthough in situ hybridization (ISH) w as not used in the current study,
considerations for potential use of the new probe in ISH formats were taken into
account. One consideration was the accessibility of the probe targets in
ribosomes of fixed, whole cells (Amann, 1995; A m ann et al., 1995). W hile I did
not empirically test for ISH accessibility, other probes targeting the sam e regions
as A01-183, A01-267, and 4D19-189 have been successfully used in ISH,
suggesting that these sites are accessible (A m ann et al., 1995). In addition, the
probes w ere designed to have similar predicted TdS, so that it would be possible
to sim ultaneously hybridize with both probes. Such dual hybridizations can be
used to either enhance detection of target cells (Lee et al., 1993) or to
sim ultaneously visualize different target cells (Am ann et al., 1995).
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Fig. 2.6. Digital images of hybridization results from tests of probe specificity
and optim al w ash tem perature for probe 4D19-189. 32P-labeled probe 4D19-189
was hybridized to triplicate blots of: A. D. multivorans RNA; B. D. baarsii RNA;
C. D. variabilis RNA; D. A01 synthetic RNA; E. 4D19 synthetic RNA.
M em branes were washed at the following temperatures: 1. 44° C; 2. 46° C; 3.
48° C; 4. 50° C.
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Relative Abundances of A01-183.4D19-189. and 814
Examples of membranes containing serial dilutions of reference RNA an d
environm ental RNA samples hybridized w ith specific probe A01-183 and
eubacterial probe EUB338 are show n in Fig. 2.7 and Fig. 2.8, respectively. The
m eth o d used for determining relative abundances of specific rRNAs as a
function of eubacterial rRNA was first described by Giovannoni et al. (1990) an d
has several advantages over more conventional means of determ ining sam ple
concentrations via standard curves. As described in the m ethods section, linear
relationships between probe signal a n d am ount of RNA w ere determ ined for
b o th the sample and standard RNAs a n d for both specific and eubacterial probe
targets. Because slopes (i.e., signal p er u n it RNA) were used instead of
individual sample points, it was not necessary to accurately m easure the 16S
rR N A concentration of either standards or samples. This was particularly
advantageous for samples that m ay have contained humics, nucleic a d d s other
th an 16S rRNA, or other compounds th a t interfere with accurate
spectrophotom etric determination of 16S rRNA concentration. Likewise,
reference RNAs m ay contain other cellular n u d eic adds (espedally if they consist
of total RNA extracted from a cultivated target organism) that p re d u d e accurate
spectrophotom etric m easurement of 16S rRNA target concentration. In addition,
this technique corrects for non-specific binding that results in a positive yintercept in the relationship between probe signal and unit sam ple RNA,
although it does not correct for non-specific binding that is proportional to
sam ple RNA concentration. It provides a check on data quality for each sam ple
b y testing for the linearity of probe signal response per unit target. Lastly,
because sample and reference RNAs are hybridized under the sam e conditions,
any differences in specific and eubaderial probe labeling and hybridization
effid en d es can be corrected.
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Fig. 2.7. H ybridization of 32P-labeled probe A01-183 to A01 reference RNA and
nucleic acids extracted from rhizosphere an d bulk sedim ent sam ples.
M em branes hybridized with specific probes contained the follow ing am ounts
of reference RNA per blot: 0.78 ng (row ii, colum n C), 1.56 n g (ii, B), 3.13 ng
(ii, A), 6.25 ng (i, C), and 12.50 ng (i, B). In addition, they contained
approxim ately 450 ng (column A), 900 ng (B), and 1,800 ng (C) per blot of each
sam ple RNA (rows 1-16).
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Sample RNAs

Fig. 2.8. H ybridization of 32P-labeled probe EUB338 to 4D19 reference RNA
and nucleic acids extracted from rhizosphere and bulk sedim ent samples.
M embranes hybridized w ith eubacterial probes contained the following
am ounts of reference RNA per blot: 0.78 ng (row iii, colum n C), 1.56 ng (iii,
B), 3.13 ng (iii, A), 6.25 ng (ii, C), 12.5 ng (ii, B), 25 ng (ii, A), 50 ng (i, C), and 100
ng (i, B). In addition, they contained approxim ately 50 ng (column A), 100 ng
(B), and 200 ng (colum n C) per blot of each sample RNA (1-16).
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Over all depths and sampling dates, the m ean relative abundance of A01183 was 7.5+ 3.5% eubacterial rRNA (Table 2.2). The corresponding m ean for
4D19-189 relative abundance was 3.4 + 2.1% (Table 2.2). If the A01-183 and
4D19-189 probes are indeed specific fo r A01 and 4D19, respectively (i.e., if they
do n o t target other unknow n phylotypes), then this finding m ay provide an
im portant insight into sediment and soil microbial communities. As discussed
above, while m olecular studies of soil/sedim ent microbial comm unities have
suggested extremely high complexity, w ith u p to 104 species present in a gram of
soil (Torsvik et al., 1990), the com m unity structure or quantitative distribution of
individual phylotypes remains poorly understood. Here, the rather h ig h relative
abundances of A01-183 and, to a lesser extent, 4D19-189 suggest that w hile the
overall sedim ent com m unity may be highly diverse, there are a small num ber of
well-adapted species in the sediment habitat that play a significant role in
microbial comm unity dynamics.
As discussed in Chapter One, the physiological traits of the novel
phylotype's close relatives suggest th at the versatility of this group of SRB m ay
contribute to their success in the salt m arsh sedim ent and rhizosphere
environment. A diverse array of electron donors is utilized by A01 an d 4D19's
close relatives, including formate, lactate, ethanol, acetate, secondary alcohols,
hydrogen, fum arate, malate, benzoate, and 3-16 C fatty a d d s (Widdel a n d Bak,
1992; Hansen, 1993). O ther phenotypic traits possessed by this group o f bacteria
in d u d e motility (Widdel and Bak, 1992), the capacity for complete oxidation of
organic carbon to CO 2 (Widdel and Bak, 1992), and the ability to utilize O 2 as an
electron acceptor (Dilling and Cypionka, 1990).
Relative abundances of 814 target rRNA were quite low (mean 3.1%; Table
2.2), and were lower than the sum of A01-183 and 4D19-189 relative abundances
for all sam pling dates and treatments for which data points from all three probes
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Table 2.2. Mean relative abundances of probe targets in bulk sediment and rhizosphere
samples.

Treatment
Sedc (0-2 cm)

Sedc (2-4 cm)

Sedc (6-8 cm)

Rhizrf (0-4 cm)

Total

1.1

Standard
Deviation
2.3
2.4
0.5

4

4.9

2.1

10

7.5

2.5
1.3
1.5
2.7

5
5
7
9

1.1
2.6

2

Probe
A()l-183
4D19-189
814
804*

Mean RAa
4.1
2.9

A01-183
4D19-189
814
804*

3.2
13.6

A01-183
4D19-189
814
804*

11.4
4.1
3.8
19.2

A01-183
4D19-189
814
804*

7.8
3.8
3.7
22.8

A01-183
4D19-189
814
804*

7.5
3.4
3.1
14.2

2.8

4.3
3.1
3.9
2.0
2.0
8.8

n
3
8

4
4
4
9
9
6

9

2.1

19
26

2.3

21

8.8

32

3.5

a Relative abundance.
* 804 relative abundances measured by Hines e t al (in prep).
c Bulk sediment samples taken from depths indicated in parantheses.
d Rhizosphere samples taken from a depth of 0-4 cm.
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w ere available. This result suggests that probe 814, w hich (Devereux et al., 1992)
designed to target the Desulfococcus-Desulfosarcina-Desulfobotulus group, d id not
target the novel phylotypes A01 and 4D19, which are also members of this
group. Unfortunately, it was impossible to directly determ ine w hether the novel
phylotypes contained th e 814 target (E. coli positions 814-831) because the cloned
environm ental 16S rD N A fragments consisted of base positions 9-822 (Chapter
One). However, recently published 16S rRNA sequences from other organism s
th at fall within the Desulfococcus-Desulfosarcina-Desulfobotulus group provide
evidence that the 814 probe does not target all group members. For example, 16S
rRN A sequences from the genus Desulfonema, w hich is a close relative of
Desulfosarcina and Desulfococcus, contain a m ism atch w ith 814 in the center of the
probe-target hybrid. Similarly, environmental clones A34 and A52 (Devereux
an d M undfrom, 1994), also closely related to Desulfococcus and Desulfosarcina,
contained the 804 target sequence but had a m ism atch w ith the 814 probe. Thus,
it is quite possible that w hile the novel phylotypes w ere targeted by 804 and
w ere monophyletic w ith 814-targeted organisms, they did not contain the 814
target.

Seasonal and Spatial T rends in Relative A bundances
Although it is impossible to assess the statistical significance of seasonal
patterns in relative abundances given the limited size of the data set, several
interesting trends were apparent. In the rhizosphere, the relative abundance of
A01-183 and, to a lesser extent, 4D19-189, exhibited a seasonal trend that was
sim ilar to the trend in 804 relative abundances observed by Hines et al. (in prep)
(Fig. 2.9). As m entioned in Chapter One, probe 804 w as designed by Devereux et
al. (1992) to target m ost m em bers of the Desulfobacteriaceae family. Rhizosphere
relative abundances increased immediately after the onset of vegetative plant
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Fig. 2.9. Seasonal trends in rhizosphere relative abundances for 804, A01-183
(top), 4D19-189, and 814 (bottom) target rRNA in the salt marsh. The period of
vegetative grow th for S. altemiflora is indicated.
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grow th and then decreased as the plants began to flower (Fig. 2.9). A sim ilar
tren d in sulfate reduction rates (SRR) has also been observed by Hines et al. at
the sam e study site (Hines et al., 1989; Hines et al., in prep) and at the sam e times
(Hines et al., in prep) as the current study.
It is likely that the trends of increased Desulfobacteriaceae relative
abundances and SRR during the period of vegetative p lan t growth were a direct
result of dissolved organic carbon (DOC) released from roots and rhizomes
d u rin g this period. First, this seasonal pattern w as only observed in the
rhizosphere and was not found in bulk sedim ent relative abundances of A01-183,
4D19-189,814 (Fig. 2.10-2.11), or 804 (Hines et al., in prep), suggesting a direct
influence of roots. Second, the physiological changes in S. altemiflora during the
vegetative growth period provide evidence for its role in influencing rhizosphere
bacterial dynamics. As S. alterniflora enters the vegetative growth period, it
remobilizes nonstructural carbohydrates from rhizom e stores and translocates
n ew photosynthate (Lytle and Hull, 1980) to rapidly grow ing roots and
rhizom es. This increased supply of soluble carbohydrates, along with lysates
from sloughed off root cap cells (Brady, 1990) from rapidly growing young roots
results in increasing am ounts of DOC leaking from plant roots and rhizomes
(Hines et al., 1989). W hen plants reach the reproductive grow th stage, carbon is
reallocated to flowering structures, carbohydrates are immobilized in rhizom es
(Lytle and Hull, 1980), and, therefore, release of DOC into the rhizosphere is
thought to rapidly decrease (Hines et al., 1989). H ere decreases in A01-183 (Fig.
2.9) an d 804 (Hines et al., in prep) relative abundances in the rhizosphere
correspond with the onset of S. alterniflora flowering and decreases in SRR (Hines
e t al., in prep).
Although not coincident with general seasonal ecological patterns in the
salt m arsh, increased relative abundances of 804 (Hines et al., in prep), A01-183,
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Fig. 2.10. Relative abundances of 804", A01-183,4D19-189, and 814 probe target
rRNA in 0-2 cm depth bulk sediment.
"Measured by Hines et al. (in prep).
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Fig. 2.11. Relative abundances of 804“, A01-183,4D19-189, and 814 probe target
rRNA in 2-4 cm depth b ulk sedim ent.
“Measured by Hines et al. (in prep).
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a n d 4D19-189 (Fig. 2.9) probe targets observed in the rhizosphere on 5 October
1994 d id coincide with increased SRR on the sam e date (Hines et al., in prep).
This ap p arent stimulation of the SRB com m unity m ay be due to either fortuitous
availability of organic substrates at the sam pling location or perhaps initial
d eg rad ation of senesdng root hairs.
The lack of any clear seasonal patterns in bulk sediment relative
abundances (Fig. 2.10-2.11) w as som ew hat surprising given the strong seasonal
variation in SRR (Hines et al., 1989; Hines et al., in prep). However, it is
im p o rtan t to keep in m ind th at these data are relative and not absolute
abundances, and therefore only reflect relative increases in target rRNA
com pared w ith total eubacterial rRNA. Thus, a lack of clear seasonal trends
suggests that varying abundances of other eubacteria masked the seasonal trends
in abundances of target SRB. Environmental factors that may affect fermentative,
acetogenic, and sulfate-reducing communities in similar manners include
tem perature and general availability of organic carbon (as opposed to availability
of specific substrates that m ay disproportionately affect one group). In addition,
the fact that several data points were om itted from analyses (due to nonlinear
relationships between probe signal and am ount of RNA/blot) m ay have
obscured a seasonal trend if it were present.
D epth profiles in A01-183 and 804 relative abundances were m easured in
sam ples from 3 depths (0-2 cm, 2-4 cm, and 6-8 cm), taken on 12 May 1994, at the
beginning of the plant growing season. Biogeochemical measurements of sulfate
reduction rates and total reduced sulfur were also available from samples taken
on the sam e date and adjacent to the samples from which RNA was extracted
(H ines et al., in prep). As show n in Fig. 2.12, relative abundance of A01-183
targ et increased with depth, as did total reduced sulfur. However, sulfate
reduction rates were highest in the upper sedim ents and decreased w ith depth,
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Fig. 2.12 Depth profiles of (A) A01-183 relative abundances, (B) eubacterial absolute abundance, (C) sulfate reduction rates^, and
(D) total reduced sulfur0 measured on 5/12/94.
a Measured by Hines et al. (in prep).

suggesting th a t the SRB community w as m ore active in the upper th an lower
sediment. In addition, absolute abundance of eubacterial rRNA, expressed as
picomoles 338 ta rg e t/g sediment, was highest in the upper sediment. While
absolute abundance values should be interpreted w ith caution due to sam ple-tosample variability in RNA extraction efficiency, this trend of higher am ounts of
eubacterial rRNA in the upper sedim ent also indicates a more active com m unity
com pared to the lower sediment. Taken together, these data suggest th at (1)
while the u p p e r sedim ent harbors a m ore active SRB community, other
eubacterial groups are also active in the up p er sedim ent and (2) A01 is relatively
better adapted to the lower sediments than the upper sediments.

Conclusions
The quantitative significance and population dynamics of novel
phylotypes A01 and 4D19, discovered in a qualitative survey of SRB
phylogenetic diversity (Chapter One), w as investigated. A new m ethod for
generating reference RNA for uncultivated phylotypes was developed and
applied in quantitative probing experiments. Probes directed against the novel
phylotypes w ere used to show that A01 and, to a lesser extent, 4D19 played
significant roles in the salt marsh rhizosphere and sediment communities. In
addition, seasonal trends in A01-183 relative abundances suggested a direct
influence of plan t phenology on rhizosphere bacterial dynamics.
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CHAPTER THREE

PHYLOGENETIC ANALYSIS O F SULFATE-REDUCING BACTERIA ISOLATED
FROM SALT MARSH SEDIMENTS

Introduction
U ntil the 1970's, dissim ilatory sulfate-reducing bacteria (SRB) were
thought to be comprised of a few species that were capable of utilizing only
lactate o r pyruvate as energy sources (Barton and Tomei, 1995). How ever, SRB
are n o w know n to be both physiologically and phylogenetically diverse. As of
1993, close to 100 substrates for sulfate reduction had been described, including
hydrogen, carbon monoxide, monocarboxylic adds (e.g., acetate, propionate,
butyrate, and higher fatty ad d s u p to C 20)/ dicarboxylic acids (e.g., malate,
succinate, and fumarate), alcohols (e.g., ethanol, methanol, propanol, etc.), amino
ad d s, sugars, aromatic compounds, and several xenobiotic com pounds (Hansen,
1993). In addition, the capadty of m any SRB to fix molecular nitrogen (Lespinat
et al., 1987; W iddel, 1987); grow ferm entatively in the absence sulfate (Hansen,
1993) a n d utilize nitrate, iron, chlorinated aromatics, and oxygen as electron
acceptors (Barton et al., 1983; Cypionka et al., 1985; Lovley et al., 1993;
Stackebrandt et al., 1995) has been demonstrated.
SRB that have been isolated to date are distributed am ong three major
eubacterial lines of descent (i.e., the 9 proteobacteria, the G ram -positive Bacteria,
and the thermophilic Gram-negative genus Thermodesulfobacterium (Widdel and
Bak, 1992; Stackebrandt et al., 1995), and one archaeon genus, Archaeglobiis,
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(Thauer and K unow , 1995). However, the m ajority of characterized SRB are
members of the Gram-negative nonsporeform ing mesophilic SRB and it appears
that this group is the m ost widely distributed in nature (Widdel and Bak, 1992).
The Gram -negative m esophilic SRB form a phylogenetically coherent g ro u p
within the 9 proteobacteria (Fowler et al., 1986; D evereux et al., 1989). The 9
subdivision w as originally defined by Woese (Woese et al., 1985; Woese, 1987) to
include three m ain phylogenetic subgroups w ith w idely differing physiological
traits: the Gram -negative nonsporeforming m esophilic anaerobic sulfate and
sulfur-reducing bacteria; the small predatory bdellovibrios; and six
representatives of the order Myxococcales. Since W oese’s original description of
the 9 subdivision, the genera Pelobacter (Stackebrandt et al., 1989) and Geobacter
(Lovley et al., 1993; Lonergan et al., 1996), both obligate anaerobes that are
closely related to the sulfur-reducer genus Desulfuromonas, have also been placed
within the 9 proteobacteria. Recently, a therm ophilic Gram-negative SRB has
been isolated th at is also a member of this group (Beeder et al., 1995).
The phylogenetic relationships of the 9 proteobacteria SRB, as determ ined
by 16S rRNA sequence analysis, were among the first to be studied in detail with
phylogenetic trees inferred first through analysis of 16S rRNA oligonucleotide
cataloging techniques (Fowler et al., 1986) and subsequently by analysis of near
complete 16S rRN A sequences obtained by reverse transcriptase sequencing of
rRNA (Devereux et al., 1989; Devereux et al., 1990). This group of SRB w as
found not only to be phylogenetically coherent, b u t also to generally form
phylogenetic groups that were consistent with various phenotypic traits. As a
result of 16S rRNA analyses, it has been proposed that the Gram-negative
mesophilic SRB be divided into two families, each representing a separate lineage
within the group as a whole. The first of these is the Desulfovibrionaceae
(Devereux et al., 1990), w hich includes the genera Desulfovibrio and
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Desulfomicrobium, while the second proposed family is the Desulfobacteriaceae
(Widdel and Bak, 1992). The latter encom passes the genera Desulfobulbus,
Desulfobacter, Desulfobacterium, Desulfococcus, Desulfosarcina, Desulfomonile,
Desulfonema, Desulfobotulus, and Desulfoarculus (Widdel and Bak, 1992). 16S
rRNA sequence analysis has also enabled the identification of signature
sequences at the group and genus levels, as well as the design of oligonucleotide
probes that specifically target individual groups or genera (Devereux e t al., 1992).
These probes have been applied, in tu rn , to the investigation of the phylogenetic
diversity, com m unity structure, and population dynamics of SRB in their natural
habitats, including salt marsh sedim ents (Devereux et al., 1996; H arm sen et al.,
1996; Hines e t al., in prep; Chapter Two).
While SRB are known to play ecologically important roles in such diverse
habitats as freshw ater ponds, oil production facilities, animal intestines, and rice
paddies, their prim ary habitats are thought to be estuarine and m arine sedim ents
(Gibson, 1990; W iddel and Bak, 1992; Smith, 1993). It has been inocula from
estuarine and m arine sediments that have provided the greatest variety of SRB
isolates (W iddel and Bak, 1992) In particular, SRB have been found to exhibit
high activity a n d to play an extremely im portant role in organic carbon
rem ineralization, belowground geochemistry, and plant-microbe interactions in
salt m arsh environm ents (Hines et al., 1989; Howarth, 1993). Prim ary
productivity is extremely high in salt m arshes (Howes et al., 1985; Blum, 1993),
and m ost of the organic matter produced is decomposed in situ (Valiela et al.,
1976). As the dom inant terminal electron accepting process, it has been
estimated th at sulfate reduction accounts for u p to 50% of organic carbon
rem ineralization in these ecosystems (H ow arth and Hobbie, 1982). In an
environm ent su ch as the organic-rich salt m arsh sediment where SRB play a key
role in ecosystem function, sulfate reduction rates are among the highest in any
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natural system, and SRB are not limited by sulfate availability, it is likely that
diverse populations of SRB exist. In fact, as discussed in the previous chapters
an d by Hines et al. (in p rep), the application of 16S rRNA probes to study SRB
comm unity structure in this ecosystem has suggested th at as yet undescribed
species are present in significant numbers.
The prim ary goal o f the current chapter was to use comparative 16S rRNA
analysis of novel SRB isolates from salt marsh sedim ents in order to investigate
phylogenetic diversity of the salt m arsh SRB community. 16S rRNA sequence
analysis is generally recognized as the definitive m ethod for determ ining an
organism's phylogeny a n d plays an increasingly im portant role in characterizing
and defining new taxa (Triiper and Schleifer, 1992). A lthough it should be
viewed as one com ponent of a polyphasic approach to defining taxonomic
relationships, 16S rRNA sequence analysis has m any advantages over m ethods
based on phenotypic or o ther molecular traits. In fact, m any phenotypic traits
that were once thought to be central in defining taxonomic relationships of
bacteria have since been fo und to hold little or no phylogenetic information
(Woese, 1992). Examples include cell shape, cell aggregation patterns, bacterial
appendages, electron do nor utilization patterns, autotrophy, and heterotrophy
(Fox et al., 1980; Woese, 1987). In general, these m orphological a nd physiological
traits tend to incom pletely define phylogenetic groups, w hich almost always
contain mem bers that lack a given trait (Woese, 1992). This is not surprising
w hen view ed in light of W oese's (1992) observation that: "the hum an and the
frog... are separated by less evolutionary distance - about 5% in rRNA sequence
terms - than separates m o st species of the genus Bacillus."
Molecular approaches other than those involving rRNA are certainly
im portant in describing phylogenetic relationships, but none shares the
phylogenetic breadth of 16S rRNA sequence analysis. W hile 16S rRNA sequence
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analysis can be used to compare taxa at levels ranging from species to dom ain,
techniques such as DNA: rRNA hybridization and cytochrome c sequence
analysis are lim ited to analyzing phylogenetic relationships within the range of
genus or species to class or order (De Ley, 1992). DNA-DNA reassociation and
phenotypic traits are useful for describing relationships at the strain to genus
levels (De Ley, 1992; Stackebrandt, 1992; Stackebrandt and Goebel, 1994), and
should therefore be u sed in combination w ith 16S rRNA sequence analysis w hen
characterizing novel strains. Similarly, D N A GC content can be phylogenetically
informative below the genus and species levels. However, GC content can be
misleading because while closely related organism s possess similar GC contents,
distant relatives can also have similar GC contents (Truper and Schleifer, 1992).
As stated above, the objective of the current chapter was to investigate the
phylogenetic diversity of novel SRB isolates using 16S rRNA sequence analysis.
This approach also allows the comparison o f the isolates' phylogenies to the 16S
rRNA sequences retrieved directly from m arsh rhizosphere samples (C hapter
One). The SRB strains used here were isolated by B. Sharak Genthner from the
same study site described in Chapter One. Isolates were obtained by direct
dilution of sedim ent samples in liquid m edia, w ithout preceding enrichm ent,
followed by isolation of colonies on solid m edia. This method was used in order
to avoid preclusion of slow-growing species by opportunistic organisms (W iddel
and Bak, 1992). Electron donors for isolations were chosen to include those that
were likely to be present in significant concentrations in the salt marsh
rhizosphere (i.e., malate, ethanol, and acetate) (Nedwell and Abram, 1979; Smith
and ap Rees, 1979; Mendelssohn and McKee, 1987; Hines etal., 1994). A dditional
electron donors (butyrate, propionate) used for isolations were chosen such that
all currently know n genera would be capable of utilizing at least one o u t of the
suite of electron donors used (Sharak Genthner, Pers. Comm.). O ut of 81 isolates,
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ten w ere chosen for 16S rRNA sequence analysis and prelim inary phenotypic
characterization. These ten isolates were selected on the basis of unique
restriction fragm ent length patterns (RFLP) generated by digesting amplified 16S
rR N A genes w ith tetrameric restriction enzymes (Willis et al., 1995). 16S rRNA
genes from isolates BG14 and BG50 were sequenced by R. D evereux and
included in the phylogenetic analyses described here. 16S rR N A genes from
isolates BG6 , BG33, BG72, BG74 w ere amplified by S. Friedm an. 16S rRNA genes
of isolates BG8 , BG18, BG23, and BG25 were amplified and 16S rRNA genes of all
the isolates except BG14 and BG50 were sequenced as p art of the current
dissertation research. In addition, B. Sharak Genthner carried o u t preliminary
phenotypic characterizations of the isolates. It was hoped th a t com parative 16S
rR N A sequence analysis of the isolates w ould provide a phylogenetic framework
w ithin w hich further phenotypic characterization could be facilitated. In
addition, phylogenetic analysis of novel isolates should provide a foundation for
expanding and refining current understanding of ecology an d evolution of SRB
an d allow for the evaluation and revision of currently available 16S rRNAdirected probes that were intended to target specific groups, genera, or species.

M ethods
C ultivation of Organisms
Organism s used in this stu d y were kindly provided b y B. SharakG enthner and S. Friedman. Isolates BG8 , BG18, BG23, and BG25 w ere grown
using the anaerobic asceptic technique described in Chapter O ne, except that
brackish w ater basal m edium w as used instead of freshwater m edium and
electron donors propionate and butyrate were used instead of lactate. Brackish
w ater basal m edium was prepared by adding 7.0 g NaCl, 1.2 g M gCl 2-6H 2 0 , 0.1 g
CaCl 2'2H 20 , 4.0 g Na2S 0 4, 0.25 g N H 4CI, and 0.5 g KC1 to 1.0 1 dH 20 . The basal
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m edium was flushed w ith 9:1 N2: CO2 gas, aliquoted into serum bottles that were
also flushed with N2/CO2, and autodaved with rubber stoppers fixed to bottles.
Sterile propionate was asceptically added to m edium for cultivation of BG8 (to
0.2 M) and butyrate w as likewise added to m edium for cultivation of BG18,
BG23, and BG25 (to 0.1 M).

D N A Extraction
DNA was extracted from cultures of isolates BG 8 , BG18, BG23, and BG25,
as follows. Approxim ately 200 m g (wet weight) bacterial cells were pelleted by
centrifugation at 10,000 x g at 4° C for 20 min, resuspended in SE buffer (0.15 M
N aC l, 0.1 M EDTA, pH 8.0) containing 1 m g /m l lysozym e, and incubated on ice
fo r 30 min. Proteinase K and sodium dodecyl sulfate (SDS) were added to a
concentration of 50 p g /m l and 1% (wt/vol), respectively. Cells were lysed by
freezing the cell suspension at -70° C followed im m ediately by thawing at 65° C
a n d repeating the freeze-thaw cycle for a total of 3 times. After incubating the
m ixture at 37° C for 90 m in, cellular debris was pelleted by centrifugation at
10,000 x g 4°C for 30 m in and the resulting supernatant fluid was transferred to a
sterile tube. The supernatant fluid was then extracted twice with an equal
volum e of phenol (saturated w ith TE [10 mM Tris, 1 mM EDTA, pH 8.0], 0.1 M
N aC l, 1% SDS). 1 /6 volum e 5 M NaCl and 1/9 volum e CTAB (10%
hexadecyltrim ethyl-am monium bromide in 0.7 M NaCl) were added to the
phenol-extracted supernatant fluid and, after incubating the solution at 65° C for
5 m in, it was extracted twice w ith an equal volume of phenol-chloroform-

isoam yl alcohol (24:24:1). Nucleic adds were pred p itated by adding 1/2
volum e 7.5 M am m onium acetate and 1 volume isopropanol and incubating
overnight at -20° C. N ucleic a d d s were collected by centrifuging at 10,000 x g at
4° C for 20 min, w ashed w ith 70% ethanol, dried briefly, and then resuspended in
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sterile CIH2O. RNA w as degraded by adding 2 fil DNase-free RNaseA (Sigma, St.
Louis, MO) and incubating at 37* C for 30 m in. DNA was then reprecipitated, as
before, washed w ith 70% ethanol, and resuspended in TE.

Amplification, Cloning, and Sequencing of 16S rRNA Genes
Primers fD l a n d rP2 (Table 3.1) (W eisburg et al., 1991) w ere u sed to
amplify near-com plete 16S rRNA gene (16S rDNA) sequences from the extracted
DNA of isolates BG8 , BG18, BG23, and BG25. These primers w ere also used to
amplify near-complete 16S rDNA from w ashed cell suspensions of isolates BG6,
BG33, BG72, and BG74. It should be noted th at amplifications from w ashed cell
suspensions w ere carried out by S. Friedman. The PCR mixtures consisted of 50
mM KC1,10 mM Tris-Cl p H 8.3,2 mM MgCl2 , 200 |iM each dNTP (dATP, dCTP,
dGTP, dTTP), 0.2 |iM each primer, and 1-2 (il DNA template in a total volum e of
100 |il. The 'hot-start' m ethod was used by heating the PCR m ixture to 94“ C for 2
min, and then adding 2 U Taq DNA polymerase to each reaction m ixture. The
reaction mixtures w ere then subjected to 27 cycles, each consisting of 1 m in at 92*
C, 1 min at 40° C, an d 1 m in at 72“C, followed by 5 m in at 72“ C, using a Perkin
Elmer Thermal Cycler (Perkin Elmer-Cetus, N orw alk, CT). PCR products were
analyzed by electrophoresis in 0 .8 % agarose using standard techniques
(Sambrook et al., 1989).
Amplified 16S rDN A sequences from isolates BG6 , BG8 , BG18, BG23,
BG33, and BG72 w ere ligated bidirectionally into plasm id vector pN oT A /T 7
(Five Prime Three Prim e, Inc., Boulder, CO) using blunt-ended ligation, and
transformed into com petent Escherichia coli cells using the Prime PCR Cloning Kit
(Five Prime Three Prim e, Inc.) as described b y the manufacturer. Because
restriction digestion of PCR products was not necessary in this cloning
procedure, any bias associated with internal restriction sites was avoided.
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Table 3.1. Primers used for amplification and sequencing of 16S rRNA genes of isolates.
Primer
926F
1115F
M13-20
357R
536R
690R
907R
1100R
RM13
fDl
rP2

Sequence"
5 ' -A A A C T Y A A A K G A A T T G R C G G -3 ’
5 ' -C A A C G A G C G C A A C C C T -3 '

Reference
Britschgi et al., 1994
Dorsch & Stackebrandt, 1992

5 1-G T A A A A C G A C G G C C A G T -3 '
5 ' -C T G C T G C C T C C C G T A -3 •
5 ' - ACCGCGGCKGCTGGC- 3 '
5 ' -G A T M T C T A C G R A T T T C A C -3 '
5 ' -C C G T C A A T T C M T T T R A G T T T -3 '
5 • - AG G G TTG C G CTCG TTG - 3 ’

Dorsch & Stackebrandt, 1992
Devereux, et al., 1989
Devereux et al., 1989
Lane et al., 1985
Devereux et al., 1990

5 1-G G A A A C A G C T A T G A C C A T G - 3 '
5 ' -G G G A A T T C G T C G A C A G A G T T T G A T C C T G G C T C A -3 '
5 ' -G G A A G C T T G G A T C C A C G G C T A C C T T G T T A C G A C T T -3 '

W eisburg et al., 1991
W eisburg et al., 1991

*
"Mixed base positions were K: G and T; M: A and C; R: A and G; and Y: C and T.

Transformants w ere selected for by am pidllin-resistance conferred by the
pN oTA /T7 plasm id an d colonies were screened for inserts by alphacom plem entation using X-Gal (5-bromo-4-chloro-3-indolyl-8-Dgalactopyranoside) and IPTG (isopropyl-13-D-thiogalactopyranoside) (Sam brook
et al., 1989). Clones were screened to ensure they contained an insert of the
expected size (-1,500 bp) by digesting isolated plasm id DNA with Xbnl
(Sambrook et al., 1989), a restriction endonuclease that cleaves plasm id pN oTA
on both sides of inserted DNA (Five Prime Three Prim e, Inc.) Plasm id D N A was
isolated from clones for sequencing using the Q iagen midi-prep system (Qiagen,
Inc., C hatsw orth, CA) as described by the m anufacturer.
16S rD N A fragm ents from isolates BG25 and BG72 were sequenced
directly from PCR products (Meltzer, 1993). This technique was used because
inconsistent yields of plasm id DNA from clones containing the partial 16S rDNA
sequences from these isolates to pursuit of an alternate route for obtaining DNA
template for sequencing reactions. Amplified 16S rD N A sequences w ere purified
from the PCR m ixture by electrophoresis in 1% SeaPlaque agarose (FMC
Bioproducts, Rockland, ME) containing 0.2 (Xg/ml ethidium bromide in 40 mM
Tris, 20 mM glacial acetic acid (pH 8.4). After briefly visualizing the
electrophoresed PCR products by UV illum ination, the -1,500 bp products were
excised from the gel. DNA was recovered by m elting the agarose m atrix at 65° C
and then incubating w ith 5 U fi-agarase at 37° C for 1-4 h.
Partial 16S rRNA genes were sequenced using a PRISM Ready Reaction
Dye Deoxy Term inator Cycle Sequencing Kit (Perkin-Elmer Cetus) and a n ABI
373A autom ated sequencer (Applied Biosystems, Foster City, CA). Prim ers that
anneal to conserved regions of 16S rRNA genes w ere used in sequencing
reactions and are listed in Table 3.1. In addition, prim ers M13 -20, and M13
reverse (Table 3.1; Stratagene, Inc., La Jolla, CA) w ere used for sequencing cloned
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16S rD N A (i.e., BG6, BG8, BG18, BG23, BG33, and BG74). A schem atic diagram
of sequencing prim er annealing sites and reactions is show n in Fig. 3.1. The
near-com plete 16S rDNA sequences of two other salt m arsh isolates, BG14 and
BG50 (also isolated by B. Sharak G enthner as described above) w ere provided by
R. D evereux and w ere included in phylogenetic analyses.

Phylogenetic Analyses
The partial 16S rDNA sequences from all ten isolates w ere com pared to
sequences in both GenBank, using BLASTN, and in the Ribosomal Database
Project (RDP), using the functions SUGGEST_TREE and SIMILARITY_RANK
(Maidak et al., 1994). This allowed for the identification of the isolates' close
relatives. Isolate 16S rDNA sequences were then manually aligned, using the
sequence editor SeqApp, to aligned 16S rDNA sequences available from the RDP.
16S rDN A sequences of close relatives to the isolates that were n o t yet available
in the RDP's aligned databases w ere obtained from GenBank a n d also aligned
manually. GenBank accession num bers for the sequences used in this study,
including those determ ined here, are given in Table 3.2. Only base positions that
were unam biguously aligned were used in subsequent analyses. This was
effected by applying masks to the alignm ents to designate positions that were to
be included in analyses.
Phylogenetic trees were constructed using maximum parsim ony,
neighbor-joining, and least-squares m ethods available in the phylogenetic
analysis application package PHYLIP 3.57 (Felsenstein, 1989) as described in
Chapter One. Sequence identity values were determined by com paring a given
isolate’s 16S rRNA sequence w ith those of its closest relative(s) a n d om itting any
base positions that contained am biguous base positions or that w ere
am biguously aligned. This allowed for the maximum num ber of bases to be
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Fig. 3.1. Schematic diagram of sequencing prim ers and reactions used to obtain near-complete sequences of 16S rRNA
genes from SRB isolates.*
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Table 3.2. GenBank accession numbers for 16S rRN A sequences used in
phylogenetic analyses.
Accession i
Organism
Strain BG6
U85468
Strain BG8
U85469
Strain BG14
U85470
U85471
Strain BG18
U85472
Strain BG23
Strain BG25
U85473
U85474
Strain BG33
Strain BG50
U85475
U85476
Strain BG72
U85477
Strain BG74
M59297
Bdellovibrio bacteriovorus str. 109J
M34403
Desulfoarculus baarsii str. 2stl4, Konstanz
Desulfobacter curoatus str. AcRM3
M34413
M34412
Desulfobacter hydrogenophilus str. AcRSl
M34414
Desulfobacter latus str. AcRS2
M26633
Desulfobacter postgatei str. 2 ac 9
M34415
Desulfobacter sp. str. 3acl0
M34416
Desulfobacter sp. str. 4 a c ll
M34409
Desulfobacterium autotrophicum
M34406
Desulfobacterium niacini
M34408
Desulfobacterium vacuolatum
X70953
Desulfobacula toluolica
X95180
Desulfobulbus elongatus
Desulfobulbus propionicus str. 1 pr 3, Lindhorst
M34410
M34411
Desulfobulbus sp. str. 3prl0
X95181
Desulfocapsa thiozymogenes str. Bra2
M34405
Desulfococcus multivorans str. 1 be 1, Goettingen
U48244
Desulfohalobium retbaense
M37311
Desulfomicrobium baculatus
U02469
Desulfomicrobium escambium
M37312
Desulfomicrobium sp. str. N orw ay 4
M26635
Desulfomonile tiedjei
U45990
Desulfonema limicola
U45989
Desulfonema magnum
U25627
Desulforhabdus acetothermus
L42613
Desulforhopalus vacuolatus
M26632
Desulfosarcina variabilis str. 3 be 13, Montpellier
X62176
Desulfotomaculum nigrificans
M37315
Desulfovibrio africanus
U53465
Desulfovibrio caledoniensis
M34113
Desulfovibrio desulfuricans
M37316
Desulfovibrio desulfuricans str. El Agheila Z.
90

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Table 3.2. Continued.
O rganism
Desulfovibrio desulfuricans str. Essex 6
Desulfovibrio fairfieldensis
Desulfovibrio gabonensis
Desulfovibrio gigas
Desulfovibrio halophilus
Desulfovibrio longreachii str. 16910a
Desulfovibrio longus str. SEBR 2582
Desulfovibrio pigra
Desulfovibrio salixigens
Desulfovibrio sapovorans str. Ipa3, Lindhorst
Desulfovibrio sp. str. MIT 87-599
Desulfovibrio sp. str. PT-2
Desulfovibrio vulgaris subsp. vulgaris str.
H ildenborough
Desulfuromonas acetoxidans
Escherichia coli subsp. K-12
Geobacter metallireducens str. GS-15
Myxococcus xanthus str. DK1622
Pelobacter acetylenicus str. W oACYl
Syntrophobacter wolinii

Accession no.
M37313
U42221
U31080
M34400
U48243
Z24450
X63623
M34404
M34401
M34402
U07570
M98496
M34399
M26634
M87049
L07834
M34114
X70955
X70905
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com pared betw een closest relatives, while evolutionary distances and
phylogenetic relationships necessarily included only those base positions th at
were unam biguously aligned across all sequences included in a given tree.

Results and Discussion
Q uality of Sequence Data
Both direct sequencing of purified PCR products and sequencing of cloned
PCR products yielded high quality sequence data w ith about 1-2 am biguous
bases per 1500 bases. The primers used (Table 3.1) allow ed for a significant
am ount of overlapping data between sequencing reactions (Fig. 3.1). A dvantages
of direct sequencing of PCR products included reduced processing time a n d a
low er probability of error in sequence data due to errors in nucleotide
incorporation by Taq polymerase (about 1 in 2 x 104; W atson et al. 1992) (because
an entire population, instead of only one, PCR amplicons is analyzed; M eltzer,
1993). H ow ever, cloning of amplified 16S rDNA p rio r to sequencing also h a d
advantages over direct sequencing. Namely, M13 prim ers that anneal to plasm id
DNA flanking the cloned inserts can be used in addition to primers that anneal to
the 16S rRNA itself. Here, as a result of using M13 prim ers, 1,527 bases of 16S
rDNA sequence data were obtained from cloned 16S rDNA, while 1,460 bases
were obtained from direct sequencing of amplified 16S rDNA.

Phylogenetic Analysis of Isolates
Analysis of nearly complete 16S rRNA gene sequences from the ten n ew
SRB isolates revealed that they were all members o f the 8 subdivision of the
proteobacteria and were closely related to other know n SRB within this group
(Fig. 3.2-3.4; Table 3.3). This result lends support to the hypothesis that the
Gram -negative, nonsporeforming, mesophilic SRB are a phylogenetically
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Fig. 3.2. 16S rRNA phylogenetic tree of SRB isolates, related SRB, and other
representatives of the d proteobacteria constructed using a maximum parsimony
m ethod. 1,033 base positions were considered in the analysis. Bootstrap values
(out of 100 trees) are show n adjacent to nodes. The scale bar is in fixed
nucleotide substitutions per sequence position.
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•Escherichia coli

0.02

Fig. 3.3. 16S rRNA phylogenetic tree of SRB isolates, related SRB, and other
representatives of the d proteobacteria constructed from evolutionary distances
using a neighbor-joining algorithm. Jukes-Cantor evolutionary distances were
calculated from 1,033 base positions. Bootstrap values (out of 100 trees) are
shown adjacent to nodes. The scale bar is in fixed nucleotide substitutions per
sequence position.
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— Desulfovibrio desulfuricans
BG6
Desulfovibrio gabonensis
• Desulfovibrio halophilus
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*- Desulfovibrio caledoniensis
- Desulfohalobium retbaense
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Desuifuromonas acetoxidans

•Pelobacter acetylenicus
Geobacter metailireducens

■ - ■ Desulfobulbus propionicus
------------ BG25
------------- Desulfocapsa thiozymogenes
■ Desulforhopalus vacuolatus
-------------- Desulfobotulus sapovorans
■Desulfosarcina variabilis
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1.
BG72
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BG14
■Myxococcus xanthus
—Desulforhabdus acetothermus
■Syntrophobacter wolinii
-----------------------------Bdellovibrio bacteriovorus
■Escherichia coli

0.02

Fig. 3.4. 16S rRNA phylogenetic tree of SRB isolates, related SRB, an d other
representatives of the 8 proteobacteria constructed from evolutionary distances
using the Fitch-Margoliash least squares method. Jukes-Cantor evolutionary
distances w ere calculated from 1,033 base positions. Bootstrap values (out of 100
trees) are show n adjacent to nodes. The scale bar is in fixed nucleotide
substitutions per sequence position.
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Table 3.3. Jukes-Cantor evolutionary distances for 16S rRNA sequences from
various members of the 9 proteobacteria and new SRB isolates.
1.

1. Escherichia coli
2. Myxococcus xanthus
3. Bdellovibrio bacteriovorus
4. Desuifuromonas acetoxidans
5. Syntropherbacter wolinii
6. Pelobacter acetylenicus
7. Geobacter metallireducens
8. Desulforhabdus acetothermus
9. Desulfohalobium retbaense
10. Desulfovibrio desulfuricans
11. Desulfovibrio caledoniensis
12. Desulfovibrio halophilus
13. Desulfovibrio gabonensis
14. Desulfomicrobium baculalus
15. Desulfomonile tiedjei
16. Desulfobulbus propionicus
17. Desulfocapsa thiozymogenes
18. Desulforhopalus vacuolatus
19. Desulfobacterium autotrophicum
20. Desulfosarcinavariabilis
21. Desulfobotulus sapovorans
22. Desulfobacula toluolica
23. Desulfobacterpostgatei
24. Desulfoarculus baarsii
25. BG6
26. BG8
27. BG14
28. BG18
29. BG23
30. BG25
31. BG33
32. BG50
33. BG72
34. BG74

2.

3.

4.

5.

6.

7.

8.

9.

0.204
0.225 0.202
0.190 0.138 0.186
0.215 0.148 0.227 0.136
0.175 0.130 0.189 0.053 0.125
0.181 0.144 0.186 0.091 0.148 0.082
0.201 0.152 0.221 0.162 0.099 0.150 0.157
0.207 0.197 0.233 0.172 0.170 0.166 0.175 0.174
0.200 0.187 0.222 0.160 0.179 0.153 0.165 0.181 0.152
0.191 0.177 0.218 0.158 0.168 0.157 0.174 0.184 0.128
0.199 0.201 0.242 0.166 0.186 0.161 0.191 0.196 0.151
0.210 0.196 0.238 0.170 0.168 0.160 0.170 0.166 0.139
0.186 0.176 0.198 0.142 0.160 0.129 0.141 0.166 0.125
0.196 0.140 0.181 0.112 0.127 0.101 0.122 0.145 0.193
0.203 0.162 0.203 0.122 0.137 0.127 0.14 1 0.139 0.191
0.183 0.163 0.210 0.146 0.140 0.128 0.135 0.143 0.178
0.201 0.172 0.216 0.144 0.154 0.122 0.132 0.168 0.190
0.213 0.178 0.200 0.134 0.153 0.136 0.149 0.179 0.192
0.202 0.169 0.203 0.133 0.131 0.121 0.133 0.155 0.177
0.212 0.177 0.212 0.142 0.154 0.125 0.131 0.174 0.194
0.226 0.181 0.213 0.133 0.164 0.128 0.154 0.186 0.209
0.217 0.180 0.218 0.133 0.155 0.127 0.150 0.178 0.199
0.186 0.165 0.211 0.141 0.130 0.124 0.144 0.152 0.169
0.207 0.178 0.219 0.150 0.171 0.144 0.152 0.180 0.141
0.225 0.196 0.229 0.143 0.166 0.140 0.163 0.181 0.210
0.238 0.198 0.231 0.148 0.160 0.143 0.157 0.185 0.195
0.231 0200 0.215 0.149 0.176 0.147 0.164 0.198 0.211
0.224 0.195 0.229 0.143 0.165 0.140 0.163 0.180 0.210
0.203 0.158 0.195 0.133 0.142 0.131 0.152 0.152 0.178
0.234 0.204 0.211 0.146 0.179 0.149 0.163 0.203 0.212
0.188 0.183 0.218 0.159 0.168 0.160 0.174 0.185 0.131
0.236 0.193 0.227 0.144 0.166 0.138 0.161 0.188 0.211
0.196 0.174 0.206 0.139 0.141 0.138 0.151 0.161 0.177
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10.

0.113
0.121
0.124
0.098
0.179
0.177
0.180
0.186
0.177
0.178
0.181
0.184
0.178
0.160
0.112
0.190
0.188
0.191
0.190
0.187
0.186
0.122
0.190
0.155
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Table 3.3. Continued.
11. 12.
12. 0.088
13. 0.094 0.112
14.
15.
16.
17.
18.
19.
20.
21.
22.

0.108
0.183
0.169
0.180
0.169
0.163
0.164
0.167
0.170

13.

14.

15.

16.

0.1250.125
0.176 0.184 0.168
0.1910.176 0.165 0.125
0.1920.191 0.154 0.145 0.106
0.1780.191 0.157 0.151 0.109
0.1950.194 0.138 0.143 0.148
0.1670.171 0.143 0.119 0.124
0.186 0.181 0.156 0.152 0.150
0.189 0.189 0.158 0.146 0.139

17.

0.079
0.162
0.136
0.156
0.161

18.

19.

20.

21.

22.

0.1980.183 0.152 0.152 0.136 0.150 0.151 0.097 0.106 0.130 0.056

24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.

0.150 0.149
0.100 0.099
0.210 0.199
0.196 0.195
0.2040.209
0.210 0.199
0.1910.185
0.204 0.210
0.0920.102
0.2130.200
0.159 0.158

0.153
0.107
0.165
0.164
0.167
0.165
0.173
0.162
0.116
0.159
0.156

0.117
0.177
0.163
0.160
0.158
0.162
0.133
0.166
0.186
0.160
0.124

0.145
0.167
0.153
0.158
0.157
0.153
0.053
0.154
0.176
0.155
0.154

0.165
0.164
0.156
0.155
0.174
0.157
0.097
0.169
0.182
0.166
0.175

24.

25.

26.

27.

28.

0.144
0.150
0.161
0.147
0.193
0.143
0.174

0.098
0.147
0.011
0.193
0.096
0.178

29.

30.

31.

32.

33.

0.156
0.147 0.096
0.151 0.107 0.098
0.148 0.085 0.118 0.130

23. 0.165
0.152
0.105
0.180
0.190
0.190
0.180
0.176
0.189
0.011
0.181
0.167

23.

0.159
0.173
0.161
0.153
0.167
0.161
0.118
0.167
0.173
0.166
0.176

0.150
0.165
0.099
0.138
0.047
0.098
0.148
0.048
0.166
0.095
0.162

0.124
0.150
0.119
0.133
0.106
0.118
0.128
0.109
0.167
0.116
0.130

0.133
0.164
0.144
0.126
0.117
0.144
0.158
0.118
0.170
0.135
0.154

0.150 0.151
0.177 0.172 0.138
0.062 0.020 0.155 0.193
0.144 0.136 0.166 0.170 0.150
0.090 0.093 0.169 0.183 0.100
0.061 0.019 0.155 0.193 0.001
0.138 0.138 0.154 0.172 0.150
0.091 0.095 0.170 0.183 0.102
0.173 0.167 0.158 0.113 0.182
0.062 0.023 0.159 0.187 0.027
0.163 0.164 0.034 0.143 0.164

0.150
0.102 0.151
0.182 0.183 0.191
0.026 0.155 0.099 0.183
0.164 0.161 0.178 0.167 0.174

coherent group (Devereux et al., 1996) an d is consistent w ith the general
observation that m ost SRB isolated to date are members of this group
(Stackebrandt et al., 1995). Other m em bers of the d Proteobacteria include the
'Geobacteriaceae' family (Lonergan et al., 1996), bdellovibrios, an d myxobacteria
(Woese, 1987) and exhibit widely differing phenotypic characteristics from the
Gram-negative SRB (De Ley, 1992). As m entioned above, two distinct lineages of
SRB are know n to exist w ithin this group, the first being defined by the family
Desulfovibrionaceae (Devereux et al., 1990) and the second by the proposed family
Desulfobacteriaceae (W iddel and Bak, 1992). All of the SRB isolates in the current
study appear to be m em bers of these tw o lineages (Fig. 3.2-3.4).

Phvlogenv of Members of the Desulfovtbrionaceae Family
Both 16S rRNA phylogenetic tree topology (Fig. 3.2-3.4 and Fig. 3.5-3.7)
and evolutionary distances (Table 3.3-3.4) placed isolates BG6 and BG50 w ithin
the Desulfovibrionaceae family. The Desulfovibrionaceae form a physiologically
coherent group and traditional taxonomy of this group, as determ ined by
phenotypic traits, has been shown to correspond quite well w ith 16S rRNA
phylogenetic relationships (Devereux e t al., 1990). The Desulfovibrionaceae are
characterized by their inability to completely oxidize lactate to CO 2 or to utilize
fatty a d d s as grow th substrates (Devereux et al., 1990). Organic substrates m ost
commonly utilized by Desulfovibrionaceae members are lactate (the organic carbon
source that m any of the ’dassical 1desulfovibrios were enriched on), pyruvate,
ethanol, and frequently m alate and fum arate (Widdel and Bak, 1992). While
utilization of H 2 as an electron donor is quite common within this family, grow th
on H 2 is not autotrophic as it requires acetate in addition to CO 2 (Widdel and
Bak, 1992). Other phenotypic characteristics of this family in d u d e the presence
of the isoprenoid quinones of the MK-6 type (Stackebrandt et al., 1995) and
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------------Desulfohalobium retbaense
■Desulfovibrio gabonensis
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98 T~~ Deslfovibrio sp. str. PT-2

r Desulfovibrio longreachii
Desulfovibrio sp. str. MIT 87-599
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53

Desulfovibrio caledoniensis

a

B G 50

Desulfovibrio salexigens
- BG6
31

Desulfovibrio halophilus
- Desulfovibrio longus
Desulfovibrio desulfuricans str. El Agheila Z

36

Desulfovibrio africanus
9 4

21

100

r Desulfomicrobium sp. str. Norway 4
Desulfomicrobium baculatus
Desufomicrobium escambium
— Escherichia coli

0.02

Fig. 3.5. 16S rRNA phylogenetic tree of isolates BG6 and BG50 and members
of the D esulfovibrionaceae family constructed using a m axim um parsim ony
m ethod. 867 base positions were considered in the analysis. Bootstrap
values (out of 100 trees) are show n adjacent to nodes. TTie scale bar is in
fixed nucleotide substitutions per sequence position.
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Fig. 3.6. 16S rRNA phylogenetic tree of isolates BG6 and BG50 and m em bers of
the Desulfovibrionaceae family constructed from evolutionary distances using a
neighbor-joining algorithm . Jukes-Cantor evolutionary distances w ere
calculated from 867 base positions. Bootstrap values (out of 100 trees) are show n
adjacent to nodes. The scale bar is in fixed nucleotide substitutions p er sequence
position.
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■
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Fig. 3.7. 16S rRN A phylogenetic tree of isolates BG6 and BG50 and members of
the Desulfovibrionaceae family constructed from evolutionary distances using the
Fitch-Margoliash least squares method. Jukes-Cantor evolutionary distances
were calculated from 867 base positions. The scale bar is in fixed nucleotide
substitutions per sequence position.
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Table 3.4. Jukes-Cantor evolutionary distances for 16S rRNA sequences of Desulfovibrionaceae isolates and relatives.
1.

oto

1. Escherichia coli
2. Myxococcus xanthus
3. Desulfovibrio africanus
4. Desulfovibrio caledoniensis
5. Desulfovibrio desulfuricans
6 . Desulfovibrio desulfuricans str. El
7. Desulfomicrobium sp. str. Norway 4
8 . Desulfovibriofairfieldensis
9. Desulfovibrio gigas
10. Desulfovibrio halophilus
11. Desulfovibrio longreachii
12. Desulfovibrio longus
13. Desulfovibrio salexigens
14. Desulfovibrio sp. str. MIT 87-599
15. Desulfovibrio sp. str. PT-2
16. Desulfovibrio gabonensis
17. Desulfovibrio vulgaris
18. Desulfohalobium retbaense
19. Desulfomicrobium baculatus
20. Desulfomicrobium escambium
21. Desulfovibrio piger
22. BG6
23. BG50

2.

3.

4.

5.

6.

7.

8.

9.

10 .

11 .

12 .

13.

14.

15.

16.

17.

18.

19.

0.201
0.203 0.189
0.200 0.185 0.127
0.204 0.207 0.110 0.121
0.195 0.206 0.094 0.104 0.119
0.19S 0.181 0.102 0.117 0.102 0.110
0.210 0.213 0.116 0.125 0.020 0.126 0.103
0.209 0.206 0.114 0.127 0.101 0.126 0.118 0.092
0.213 0.213 0.123 0.095 0.130 0.107 0.133 0.143 0.146
0.211 0.215 0.121 0.119 0.075 0.132 0.115 0.071 0.101 0.130
0.207 0.202 0.114 0.108 0.101 0.106 0.122 0.109 0.123 0.111 0.113
0.214 0.190 0.103 0.075 0.124 0.086 0.114 0.125 0.124 0.096 0.120 0.094
0.198 0.206 0.154 0.150 0.105 0.172 0.147 0.096 0.144 0.173 0.103 0.152 0.145
0.219 0.225 0.126 0.124 0.084 0.138 0.126 0.078 0.107 0.133 0.012 0.119 0.123 0.109
0.223 0208 0.102 0.095 0.113 0.105 0.128 0.108 0.082 0.115 0.103 0.112 0.090 0.145 0.105
0.212 0.230 0.107 0.117 0.089 0.115 0.129 0.094 0.128 0.136 0.054 0.113 0.108 0.120 0.054 0.108
0.222 0.214 0.164 0.147 0.168 0.153 0.141 0.162 0.139 0.176 0.164 0.166 0.144 0.167 0.162 0.144 0.161
0.190 0.181 0.101 0.116 0.103 0.107 0.001 0.105 0.120 0.134 0.113 0.123 0.117 0.143 0.124 0.126 0.122 0.139
0.194 0.188 0.105 0.117 0.109 0.111 0.014 0.109 0.131 0.140 0.116 0.134 0.125 0.152 0.124 0.130 0.125 0.144 0.013
0.218 0.223 0.123 0.141 0.043 0.137 0.115 0.031 0.106 0.151

0.073 0.116 0.136 0.109 0.077 0.122 0.089 0.170 0.118

0.204 0.180 0.097 0.104 0.120 0.106 0.105 0.124 0.121 0.101

0.112 0.126 0.101 0.140 0.116 0.094 0.124 0.147 0.108

0.199 0.194 0.128 0.018 0.122 0.107 0.129 0.126 0.128 0.109 0.119 0.105 0.076 0.153 0.123 0.094 0.115 0.147 0.126

cytochrome C3 (Postgate and Campbell, 1966). The presence of the pigm ent and
bisulfite reductase desulfoviridin is characteristic of m ost Desulfovibrionaceae,
w ith the exception of Desulfomicrobium species which possess the bisulfite
reductase desulforubidin (Devereux et al., 1990; Sharak Genthner et al., 1994). In
addition, most of the m em bers of the genus Desulfovibrio exhibit a vibroid
morphology, although rod-shaped cells also occur w ithin this genus (Postgate
and Campbell, 1966; Devereux et al., 1990).
Of the two Desulfovibrionaceae isolates, BG6 branched at a deeper level
(Fig. 3.5-3.7). Percent sequence identities shared by BG6 and its closest relatives
were 89.0% with Desulfovibrio desulfuricans str. El Agheila Z (1,204 base positions
compared), 88.9% w ith Desulfovibrio gabonensis (1,400 base positions com pared),
and 88.7% w ith Desulfovibrio africanus (1,163 base positions compared).
Corresponding Jukes-Cantor-corrected evolutionary distances (867 base positions
compared) used for distance-based phylogenetic trees were 0.106,0.094, and
0.097 (Table 3.4). The observed level of divergence betw een BG6 and its closest
relatives corresponds to a level of DNA relatedness of about 7% and w ould
generally be considered sufficient to place BG6 in a distinct genus (Devereux et
al., 1990). However, the genus Desulfovibrio is unusually phylogenetically diverse
(Devereux et al., 1990) and m ay be determined to be inclusive of BG6 after
further phenotypic characterization. The branching order of BG6 and other
deep-branching Desulfovibrionaceae remains unclear, as reflected in bootstrapping
values and differences in branching order among parsim ony, neighbor-joining,
and least-squares trees (Fig. 3.5-3.7). Many of the Desulfovibrionaceae 16S rRNA
sequences were determ ined by reverse transcriptase sequencing, and the
resulting data are missing tracts of sequence information w here reverse
transcription was prem aturely terminated (probably as a result of m odified bases
in template rRNA) (Devereux et al., 1989). As a result, the current analysis of the
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Desulfovibriomceae isolates was limited to 867 base positions. It is possible that
remaining uncertainties, such as the branching order of BG6 and other deeply
branching members of the family, would be resolved if im proved sequence data
were available for certain desulfovibrios.
Prelim inary physiological characterization of BG6 (Sharak G enthner in
prep) also lends support to its placement w ithin the Desulfovibrionaceae and
possibly to the genus Desulfovibrio. Its m orphology consisted of chains of vibroid
cells with pointed ends (Sharak Genthner pers. comm.) and it exhibited excellent
grow th on ethanol, fum arate, and pyruvate; good growth on lactate an d malate;
slight growth on H 2 and formate as electron donors; and no grow th acetate,
benzoate, butyrate, or propionate (Table 3.5). In particular, its inability to utilize
acetate and fatty a d d s such as propionate an d butyrate as electron donors is
consistent w ith other Desulfovibrionaceae. Its relatives D. desulfuricans str. El
Agheila Z., D. africanus, and D. gabonensis share similar patterns of substrate
utilization (Table 3.5). BG6 does not appear to share the salt requirem ent of its
moderately halophilic relative, D. gabonensis (5-8% salinity) (Tardy-Jacquenod et
al., 1996), as all of the isolates were grown under brackish salinity conditions
(about 8 ppt). How ever, salt tolerance generally varies throughout the genus
Desulfovibrio and has not been found to be a phylogenetically coherent
characteristic.
Further characterization of BG6 should include the determ ination of major
menaquinones, DNA GC content, presence of desulfoviridin, and ability to
utilize higher fatty a d d s and to completely oxidize organic substrates. If BG6 is,
indeed, a m em ber of this phylogenetically diverse genus, it w ould be expected to
possess desulfoviridin and MK-6 type m enaquinones (Widdel a n d Bak, 1992). In
addition, it w ould be expected to be incapable of utilizing higher fatty a d d s or of
completely oxidizing organic substrates to C O 2 (Devereux et al., 1990). Other
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Table 3.5. Electron donors utilized for sulfate reduction by new SRB isolates and
selected relatives.
Organism
Desulfovibrio
africanus
desulfuricans
gabonensis
gigas
longus
salexigens
vulgaris
BG6
BG50
Desulfomicrobium
baculatum
escambium
Desulfobulbus
elongatus
marinus
propionicus
2pr4
BG25
Desulfocapsa
ihiozymogenes
Desulforhopalus
vacuolatus
Desulforhabdus
acetothermus
Desulfobacterium
autotrophicum
indolicum
niacini
vacuolatum
BG18
BG33
Desulfobacter
curvatus
hydrogenophilus
latus
postgatei
3acl0
4 a c ll
BG8
BG23
BG72
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+ -+
- + - n rn r
- Widdel, 1987
+
n rn r
- Widdel, 1987
+ ........................................................Widdel & Pfennig, 1982
+ n r + - n r - + n r - n r
- Widdel & Pfennig, 1982
+ n r - - n r - + n r - n r
- Widdel & Pfennig, 1982
- - + +
+ + + + + 3-4 Sharak Genthner, Pers. Comm.
- - +
+ + + -+ + 3-4 Sharak Genthner, Pers. Comm.
+ - - - + ......................... Sharak Genthner, Pers. Comm.
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Table 3.5. Continued.
Organism
Desulfococcus
multivorans
Desulfosarcina
variabilis
Desulfonema
limicola
magnum

BG14
Desufobotulus
sapovorans
Desulfoarculus
baarsii

BG74

A B E F F U H L M P S
+ +

+ +

+ +

+ + +

-

FA References

- + - nr nr 3-16 Widdel, 1992
++

- nrnr

3-14 Widdel, 1992

+ - - + + + + +
+ 3-14 Widdel, 1983
+ - - +
- -+ + 3-10 Widdel, 1983
+- - + - 4 Sharak Genthner, Pers. Comm.
.................................+ - + - - + -

- - -

nr 4-16 Widdel, 1992; Fauque, 1995

nrnr 3-18 Widdel, 1992
4 Sharak Genthner, Pers. Comm.

A: acetate; B: benzoate; E: ethanol; F: formate (not necessarily autotrophic
growth); FU: fumarate; H : hydrogen (not necessarily autotrophic); L: lactate;
M: m alate;P: pyruvate; S: succinate; FA: fatty acids; nr: not reported.
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traits that w ould affiliate it with this genus w ould be an inability to grow
autotrophically on H 2 or formate (Devereux et al., 1990).
Isolate BG50 shared 98.1% sequence identity (1,422 base positions
compared) with its closest relative (Fig. 3.5-3.7), Desulfovibrio caledoniensis, a
halophilic SRB isolated from an oil field brine. Other SRB that clustered near
BG50 include D. salexigens, Desulfovibrio halophilus, and Desulfovibrio longus (Fig.
3.5-3.7; Table 3.4). 16S rRNA sequence divergence between BG50 an d D.
caledoniensis corresponds to the species level and DNA relatedness of < 50%
(Devereux et al., 1990; Amann et al., 1992). Thus, BG50 should be considered a
novel species w ithin Desulfovibrio genus.
At the time of writing, a description of D. caledoniensis' physiological
characteristics had not yet been published. However, physiological
characteristics of BG50 and relatives for which data are available are consistent
w ith its placement w ithin the genus Desulfovibrio. BG50 exhibited a vibroid
morphology, good grow th on ethanol, fumarate, lactate, malate, an d succinate;
slight growth on H 2 (heterotrophic) and pyruvate; and no grow th on acetate,
benzoate, butyrate, and propionate (Table 3.5). This substrate utilization pattern
and morphology are very similar to that of other Desulfovibrio species (Table 3.5)
and is consistent w ith the abilities of m ost Desulfovibrio species to utilize lactate,
ethanol, pyruvate, as well as the frequently observed ability to utilize fum arate
an d malate. Also consistent with a characteristic trait of Desulfovibrio species was
BG50's inability to utilize acetate and fatty a d d s propionate and butyrate (Table
3.5).
As shown in Table 3.6, BG6 and BG50 were the only isolates enriched on
ethanol and were also the only members of Desulfovibrionaceae isolated. When
attem pting to isolate ethanol-utilizing Desulfobulbus spedes, Laanbroek et al.
(1982) also found that ethanol-sulfate enrichments yielded Desulfovibrio spedes,
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Table 3.6. Electron donors and sources of inocula used for enrichm ent and
isolation of the SRB isolates and selected close relatives.

Species
Desulfovibrio
africanus
desulfuricans
gabonertsis
gigas
halophilus
longus
piger
vulgaris

BG6
BG50
ndfomiarobmm
escambium
baculatum
Desulfobulbus
marinus
propionicus
2pr4
BG25

Energy
Source for
Isolation
Source of Organism

Reference

lactate
lactate
lactate
lactate
lactate
lactate
lactate
lactate
ethanol
ethanol

well water
soil
oil field water
pond water
benthic microbial mat
oil-producing well
human faeces
estuarine mud
salt marsh sediment
salt marsh sediment

Fauque, 1995
Fauque, 1995
Tardy-Jacquenod etal., 1996
Fauque, 1995
Fauque, 1995
Magotetal., 1992
Fauque, 1995
Fauque, 1995
Sharak Genthner, Pers. Comm.
Sharak Genthner in prep

pyruvate
lactate

marine sediment
manganese ore

Sharak Genthner et al., 1994
Fauque, 1995

propionate
propionate
propionate
butyrate

marine mud flat
freshwater mud
fresh water sediment
salt marsh sediment

Widdel& Pfennig, 1982
Widdel & Pfennig, 1982
Widdel & Pfennig, 1982
Sharak Genthner, Pers. Comm.

Desulforhopalus
vacuolatus

lactate+

thiosulfate estuarine mud

Isaksen et al., 1996

Desulfocapsa
thiozymogenes

acetate+
thiosulfate* fresh water sediment

Janssen et. al., 1996

Desulforhabdus
acetothermus

acetate

Beeder et al., 1995

oil fields water

* Thiosulfate was used as an electron donor and acceptor (via
disproportionation) and acetate was used as a carbon source.
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Table 3.6. Continued.

Spedes
Desulfbbacter
curoatus
hydrogetiophilus
lotus
postgatei

3acl0
4acll
BG8
BG23
BG72

Energy
Source for
Isolation Source of Organism
acetate
acetate
acetate
acetate
acetate
acetate
propionate
butyrate
acetate

marine sediment
isovalerate enrichment
marine sediment
marine mud
marine/brackish sediment
marine/brackish sediment
salt marsh sediment
salt marsh sediment
salt marsh sediment

Reference
Widdel, 1987
Widdel, 1987
Widdel, 1987
Widdel & Pfennig, 1982
Widdel & Pfennig, 1982
Widdel & Pfennig, 1982
Sharak Genthner, Pers. Comm.
Sharak Genthner, Pers. Comm.
Sharak Genthner, Pers. Comm.

Desulfobacterium
autotrophicum
indolicum
niacini
vacuolatum

BG18
BG33

hydrogen
indole

marine and freshwater mud
marine mud/ sewage
sludge
nicotinate marine mud
isobutyrate marine mud
butyrate
salt marsh sediment
benzoate salt marsh sediment

Brysch et al., 1987
Bak and Widdel, 1986
Imhoff-Stuckle & Pfennig, 1983
Brysch et al., 1987
Sharak Genthner, Pers. Comm.
Sharak Genthner, Pers. Comm.

benzoate

sewage digestor

Fauque, 1995

benzoate

marine mud

Fauque, 1995

acetate
benzoate

marine sediment
marine sediment

Widdel, 1983
Widdel, 1983

butyrate
butyrate

freshwater mud
salt marsh sediment

Fauque, 1995
Sharak Genthner, Pers. Comm.

stearate
butyrate

freshwater mud
salt marsh sediment

Jansen et al., 1984
Sharak Genthner, Pers. Comm.

Desulfococcus
muitmorans
Desulfosarcina
variabilis
Desulfonema
limicola
magnum
Desulfobotulus
sapovorans

BG14
Desulfoarculus
baarsii

BG74
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apparently because they w ere able to outcompete other ethanol-utilizers, even
th o u g h the desulfovibrios w ere not necessarily more num erous in the
en v iro n m en t It is possible th at here, too, Desulfovibrio species had a competitive
advantage w hen isolated on ethanol, as probing studies have indicated that
DesuIfovibrionaceae exhibit low er relative abundances in C hapm an's m arsh
sedim ent than other ethanol-utilizers such as Desulfobulbus species (Devereux et
al., 1996; Hines et al., in prep).

Phvlogenv of Members of the Desulfobacteriaceae Family
Phylogenetic analysis placed the remaining isolates (BG8 , BG14, BG18,
BG23, BG25, BG33, BG72, and BG74) within the second Gram -negative
m esophilic SRB family, the Desulfobacteriaceae (Fig. 3.2-3.4 a n d Fig. 3.8-3.10). This
fam ily encompasses a phenotypically diverse group of sulfate reducers, although
its phylogenetic diversity is approxim ately equivalent to the fam ily
Desulfovibrionaceae. Metabolic traits possessed by various m em bers include both
com plete and incomplete oxidation of organic compounds; the ability to utilize
fatty ad d s; autotrophic grow th on H 2 and formate; diverse m orphologies that
in d u d e vibrios, coed, rods, an d filaments; the bisulfite reductases desulforubidin
an d desulfoviridin; and m enaquinones MK-5, MK-5 (H 2), MK-7, MK-7 (H 2), and
MK-9 (W iddel and Bak, 1992). The recently isolated genera Desulfocapsa (Janssen
et al., 1996), Desulforhopalus (Isaksen and Teske, 1996), and Desulforhabdus (Beeder
et al., 1995) have been found to be m em bers of the 8 proteobacteria SRB and
although they have not yet been assigned to the Desulfobacteriaceae, they are
related to its members (Fig. 3.2-3.4) and m ay eventually be recognized as part of
this family.
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Desulforhopalus vacuolotus
Desulfomonile tiedjei

98

4 7 j —Desulfobacterium

'

niacini

Desulfobacterium vacuolatum

100

100

BG33
— BG18
~ Desulfobacterium autotrophicum

98

9 5 j BG23
80
BG 8
Desulfobacter curvatus
59

76

[0—r Desulfobacter
BG7
hydrogenophilus

41
97

Desulfobacter latus
— Desulfobacter sp. str. 4ac 11

96

28

Desulfobacter sp. str. 3acl0
Desulfobacter postgatei
~~ Desulfobacula toluolica
Desulfobotulus sapovorans
--------------- BG14
~ Desulfococcus multivorans

- 37
21

57

Desulfonema limicola
Desulfonema magnum

72

• Desutfosarcina variabilis

100

■Desutfoarculus baarsii
— BG74
■Myxococcus xanthus
Escherichia coli

on?
Fig. 3.8. 16S rRNA phylogenetic tree of isolates BG8, BG14, BG18, BG23, BG25,
BG33, BG72, and BG74 and m em bers of the Desulfobacteriaceae family constructed
using a maximum parsim ony m ethod. 896 base positions were considered in the
analysis. Bootstrap values (out of 100 trees) are shown adjacent to nodes. The
scale bar is in fixed nucleotide substitutions per sequence position.

Ill

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

- Myxococcus xanthus
Desulfonema magnum
- Desulfococcus multivorans

71
98 rC

--------- Desulfonema limicola
Desulfosarcina variabilis

52
44

Desulfobotulus sapovorans
-------------- BG14
581— BG18
100 [C BG33
Desulfobacterium vacuolatum
69 *- Desulfobacterium niacini
- Desulfobacterium autotrophicum

99
100

a:

100

- Desulfobacula toluolica
- Desulfobacter postgatei

100

99r
wr BG 8
75 8 6 j l BG23
— Desulfobacter curvatus

84

BG72
53 { I " '
kydrogenophilus
1— Desulfobacter
D
Desulfobacter lotus
35 J — ^
-GiL,Desulfobacter sp. str. 4acl 1
70
Desulfobacter sp. str. 3acl0
100

BG25
Desulfobulbus marinus

100

100 i— Desulfobulbus elongatus
Desulfobulbus propionicus
— Desulfocapsa thioTymogenes

100

60

100

Desulforhopalus vacuolatus
39

100

■Desulfomonile tiedjei
BG74
— Desulfoarculus baarsii
■Escherichia coli

0.02

Fig. 3.9. 16S rRNA phylogenetic tree of isolates BG8, BG14, BG18, BG23, BG25,
BG33, BG72, and BG74 and members of the Desulfobacteriaceae family constructed
from evolutionary distances using a neighbor-joining algorithm. Jukes-Cantor
evolutionary distances were calculated from 896 base positions. Bootstrap values
(out of 100 trees) are show n adjacent to nodes. The scale bar is in fixed
nucleotide substitutions per sequence position.

112

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Desulforhopalus vacuolatus
— Desulfocapsa thiozymogenes
Desulfobulbus propionicus
Desulfobulbus elongatus
-B G 25
Desulfobulbus marinus
I------- Desulfobacter curvatus
" )r B G 2 3

1 BG8
i— Desulfobacter sp. str. 4 a c ll
*— Desulfobacter lotus

'

■— Desulfobacter hydrogenophilus

[|l

BG72
Desulfobacter sp. str. 3acl0

I

— Desulfobacter postgatei
---------- Desulfobacula toluolica
Desulfobacterium autotrophicum
BG33
BG18
'

desulfobacterium niacini
Desulfobacterium vacuolatum

Desulfosarcina variabilis
Desulfonema limicola
- Desulfococcus multivorans
Desulfonema magnum
Desulfobotulus sapovorans
— BG14
Desulfomonile tiedjei
------------BG74
Desulfoarculus baarsii
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Fig. 3.10. 16S rRNA phylogenetic tree of isolates BG8, BG14, BG18, BG23, BG25,
BG33, BG72, and BG74 and members o f the Desulfobacteriaceae family constructed
from evolutionary distances using the Fitch-Margoliash least squares method.
Jukes-Cantor evolutionary distances w ere calculated from 896 base positions.
The scale bar is in fixed nucleotide substitutions per sequence position.

113

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Isolate BG25 was found to be closely related to m em bers of the genus
Desulfobulbus and to form a monophyletic group with m ore distantly related
genera Desulfocapsa and Desulforhopalus (Fig. 3.8-3.10). BG25 and its closest
relative, Desulfobulbus marinus, shared 95.6% sequence identity (1,208 base
positions compared). In addition, BG25 appears to have arisen w ithin the
bifurcation of D. marinus a n d other Desulfobulbus species (Fig. 3.8-3.10).
Therefore, both percent sequence identity and tree topology suggest that BG25 is
a novel species within the genus Desulfobulbus. H ow ever, BG25 differs from
o th er members of the genus Deulfobulbus in several phenotypic traits that were
heretofore considered characteristic of the genus. The genus Desulfobulbus was
considered to be com prised of ellipsoidal to rod-shaped SRB that are capable of
incom plete oxidation of propionate and that develop preferentially in
enrichm ents with propionate as a sole energy and carbon source and sulfate as
an electron acceptor (Widdel, 1982). BG25, however, w as vibroid/sigm oidal in
cell shape (Sharak Genthner, pers. comm.), was incapable of utilizing propionate
(Table 3.5), and was enriched on butyrate (Table 3.6). In addition, BG25 was
incapable of growth on tw o electron donors, hydrogen an d lactate, that other
characterized Desulfobulbus species utilize and was capable of grow th on two
electron donors, fum arate and malate, that are not utilized by other Desulfobulbus
species (Table 3.5) (Widdel, 1982). BG25 was similar to Desulfobulbus species in
its inability to oxidize acetate and shared the ability to utilize ethanol and
p y ru v ate with all other Desulfobulbus species and its ability to utilize butyrate
a n d form ate with Desulfobulbus sp. strain 2pr4 and Desulfobulbus marinus,
respectively (Table 3.5) (W iddel, 1982; Sharak Genthner, pers. comm.). Other
phenotypic traits that are characteristic of the genus Desulfobulbus include MK-5
(V-H2) as the major m enaquinone and lipid fatty acids w ith straight unbranched
C chains (Widdel and Bak, 1992). However, preliminary analysis of phenotypic
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traits show that, b y inclusion of BG25 in the Desulfobulbus genus, the m orphology
and nutritional characteristics of this genus are m ore diverse than originally
thought.
Phylogenetic analysis of isolates BG18 a n d BG33 revealed that both fell
within the bifurcation of Desulfobacterium autotrophicum and Desulfobacterium
vacuolatum, suggesting that the two isolates are m em bers of the genus
Desulfobacterium (Fig. 3.8-3.10). BG18 shared a sequence identity with its two
closest relatives of 96.4% (1,102 base positions com pared) with Desulfobacterium
niacini and 98.0% (1,525 base positions compared) w ith BG33. Similarly, BG33
shared 96.6% (over 1,102 base positions) sequence identity w ith D. niacini.
Evolutionary distances between BG18, BG33, an d other Desulfobacteriaceae are
show n in Table 3.7. The level of sequence divergence observed suggests that
each isolate represents a novel species.
The genus Desulfobacterium was defined by Bak and W iddel (1986) to
consist of nonsporeform ing completely oxidizing sulfate-reducers that utilize a
num ber of fatty a d d s, that m ay grow autotrophically, and that are w idespread in
m arine sedim ents. M any members of the genus are nutritionally versatile.
M orphologies fo u n d w ithin this genus in d u d e the ovoid shape of the type strain
(D. autotrophicum) (Brysch et al., 1987), curved cell shapes, and the spherical
shape of the bacterium D. niacini (Imhoff-Stuckle and Pfennig, 1983). The
m orphologies of both BG18 and BG33 were ovoid (Sharak Genthner, pers.
comm.) and w ere therefore consistent w ith those of other members of the genus.
"Nicks and gaps" that probably represented vacuoles were also present in BG18
(Sharak G enthner, pers. comm.). If verified as vacuoles, BG18 w ould be the
second spedes in this genus, after D. vacuolatum, that possesses vacuoles.
Electron donors that are commonly utilized by m em bers of this genus
in d u d e acetate, ethanol, formate, fumarate, m alate, sucdnate, and fatty a d d s
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Table 3.7. Jukes-Cantor evolutionary distances for 16S rRNA sequences from
SRB isolates BG8 , BG14, BG18, BG23, BG25, BG33, BG72, an d BG74 and their
relatives w ithin the Desulfobacteriaceae family.
Organism
1. Escherichia coli
2. Myxococcus xanthus
3. Desutfocapsa thiozymogenes
4. Desulforhopalus vacuolatus
5. Desulfoarcidus baarsii
& Desuifomonile tiedjei
7. Desulfobotulus sapovorans
8 . Desulfosarcina variabilis
9. Desulfobacterium vacuolatum
10. Desulfobacula toluolica
11. Desutfococcus multivorans
12. Desulfonema magnum
13. Desulfonema limicola
14. Desulfobulbus propionicus
IS. Desulfobulbus elongatus
16. Desulfobulbus marinus
17. Desulfobacterium niacini
18. Desulfobacterium autotrophicum
19. Desulfobacter postgatei
20. Desulfobacter curvatus
21. Desulfobacter sp. str. 3acl0
22. Desulfobacter hydrogenophilus
23. Desulfobacter sp. str. 4ac 11
24. Desulfobacter latus
25. BG8
26. BG18
27. BG33
28. BG14
29. BG23
30. BG25
31. BG72
32. BG74

1.

Z

0.196
0.190 0.151
0 .2 1 2 0.159
0.182 0.168
0.195 0.143
0 .2 1 1 0.163
0206 0.156
0238 0.184
0 2 2 2 0.159
0.187 0.159
0 2 1 2 0.166
0209 0.169
0.199 0.152
0.199 0.152
0.197 0.154
0232 0.179
0206 0.151
0206 0.154
0219 0.174
0 2 2 2 0.174
0214 0.162
0225 0.178
0 2 1 0 0.171
0213 0.170
0.227 0.174
0228 0.179
0229 0.173
0 2 1 2 0.169
0 2 0 1 0.144
0 2 2 1 0.166
0.197 0.166

0.074
0.165
0.150
0.154
0.135
0.172
0.158
0.131
0.132
0.142

0.166
0.155
0.150
0.144
0.161
0.144
0.143
0.147
0.160
0 .1 0 2 0.099
0.097 0.098
0.099 0 .1 0 0
0.164 0.152
0.151 0.145
0.131 0.138
0.142 0.152
0.149 0.154
0.143 0.148
0.140 0.152
0.144 0.163
0.140 0.149
0.171 0.159
0.167 0.159
0.143 0.140
0.141 0.150
0.094 0.106
0.148 0.155
0.169 0.175

0 .1 2 2

0.138
0.116
0.098
0.113
0.164 0.159 0 .1 2 2 0.113
0.148 0.134 0.118 0.113 0.098
0.108 0 .1 1 0 0.080 0.056 0 .1 2 0
0.123 0.127 0.096 0.058 0.130
0.137 0.127 0.088 0.068 0.125
0.136 0.127 0.142 0 .1 2 1 0.163
0.144 0.132 0.144 0.123 0.165
0.146 0.129 0.153 0.128 0.151
0.162 0.153 0 .1 1 1 0.107 0.017
0.146 0.134 0.096 0.092 0.050
0.143 0.136 0.114 0.096 0.104
0.149 0.149 0.131 0.115 0 .1 1 0
0.150 0.150 0.123 0 .1 1 1 0.109
0.134 0.142 0.109 0.104 0.096
0.147 0.148 0.119 0.117 0.108
0.137 0.147 0.119 0 .1 1 2 0.106
0.148 0.145 0.125 0.109 0.109
0.165 0.156 0 .1 1 1 0.106 0.029
0.165 0.162 0 .1 1 2 0.106 0.023
0.149 0.148 0 .1 1 1 0.119 0.140
0.148 0.143 0.125 0.108 0.109
0.156 0.134 0.161 0.126 0.149
0.147 0.142 0.119 0.106 0.105
0.034 0.123 0.134 0.113 0.165
0 .1 2 2
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Table 3.7. Continued.
11 .

10 .
0.115

12 . 0 .1 2 2

13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.

0.133
0.136
0.137
0.140
0.093
0.079
0.049
0.058
0.057
0.054
0.057
0.062
0.054
0.092
0.098
0.133
0.053
0.132
0.055
0.153

11 .

12 .

0.046
0.055
0.135
0.140
0.130
0.109
0.096
0.107

13.

0.067
0.142
0.146
0.138
0.124
0.116
0.117
0 .1 2 1 0.129
0.118 0.128

0.151
0.152
0.152
0.123
0.095
0.124
0.131
0.131

0 .1 1 1

0 .1 2 1

0 .1 2 1

0.117 0.125 0.126
0 .1 1 0 0 .1 2 1 0.123
0.114 0.125 0.127
0.105 0.124 0.115
0.106 0.130 0.119
0 .1 2 1 0.119 0.130
0.113 0.124 0.126
0.135 0.137 0.154
0 .1 1 0

0 .1 2 0 0 .1 2 2

0 .1 1 1

0 .1 2 2

0.142

14.

15.

16.

17.

0.014
0.058 0.050
0.154 0.154 0.142
0.144 0.146 0.133 0.044
0 .1 2 2 0.117 0.128 0.092
0.143 0.139 0.140 0.099
0.139 0.134 0.140 0 .1 0 0
0.132 0.126 0.135 0.087
0.138 0.133 0.132 0.099
0.135 0.133 0.136 0.095
0.139 0.134 0.137 0.097
0.153 0.153 0.141 0.014
0.152 0.152 0.144 0.013
0.145 0.147 0.153 0.136
0.139 0.135 0.137 0.097
0.057 0.050 0.027 0.146
0.139 0.135 0.136 0.094
0.146 0.149 0.154 0.161

18.

0.089
0.094
0.090
0.082
0.088
0.088
0.090
0.044
0.043
0.130
0.088
0.142
0.084
0.152

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

0.028
0 .0 2 1
0 .0 2 2

0.029
0.026
0.018
0.092
0.095
0.115
0.017
0 .1 2 0

0.019
0.149

0.026
0.028
0.027
0.027
0.017
0.103
0.107
0.134
0.019
0.136
0.030
0.157

0.015
0.019 0.019
0.019 0.019 0.013
0.023 0 .0 2 2 0 .0 2 1 0.019
0 .1 0 2 0.089 0.098 0.093 0.097
0.105 0.091 0 .1 0 2 0.098 0 .1 0 2 0 .0 1 2
0.138 0.132 0.137 0.129 0.129 0.136
0 .0 2 2 0 .0 2 1 0 .0 2 2 0 .0 2 0 0 .0 0 1 0.095
0.135 0.132 0.130 0.133 0.132 0.142
0.019 0.015 0 .0 2 2 0 .0 2 2 0.024 0.094
0.160 0.143 0.156 0.144 0.151 0.164

0.137
0 .1 0 2 0.129
0.148 0.145
0.097 0.127
0.163 0.151

(Table 3.5). A utotrophic growth on hydrogen is also frequently observed w ithin
the genus (Brysch et al., 1987; W iddel and Bak, 1992). Like its closest relatives,
BG33 w as quite nutritionally versatile and w as capable of utilizing acetate,
ethanol, form ate, fum arate, malate, and succinate, as well as benzoate, butyrate,
propionate, a n d pyruvate (Table 3.5). Benzoate utilization is not com m on am ong
Desulfobacterium species, however, other m em bers are know n to utilize arom atic
com pounds such as phenol and indole (Bak and W iddel, 1986; W iddel an d Bak,
1992). BG18 differed from BG33 only in its inability to utilize acetate an d
propionate (Table 3.5). While its inability to utilize acetate was unu su al am ong
Desulfobacterium species, it should be noted th at other members of the genus are
only capable of slight growth on acetate (W iddel and Bak, 1992). Further
characterization of BG18 and BG33 should include determ ination of their ability
to completely oxidize organic carbon to CO 2. However, 16S rRNA analysis,
prelim inary nutritional analysis, and m orphology of isolates BG18 and BG33
enable placem ent of both strains w ithin the genus Desulfobacterium w ithout
significant m odification of the genus' defining characteristics.
Isolates BG8 , BG23, and BG72 clustered within the genus Desulfobacter
(Fig. 3.8-3.10), w ith isolates BG8 and BG23 m ost closely related to Desulfobacter
curoatus, sharing sequence identities of 96.6% and 96.4%, respectively (over 1,337
base positions compared). BG8 and BG23 w ere extremely closely related to each
other, w ith 99.8% sequence identity (over 1,337 base positions). BG72 w as m ost
closely related to Desulfobacter postgatei and Desulfobacter hydrogenophilus, sharing
97.1% (over 1,371 base positions) and 97.0% (over 1,349 base positions) sequence
identity, respectively w ith those two species. Thus, based on 16S rRN A analysis
alone, it appears that BG8 and BG23 represent two strains of a novel species,
while BG72 represents a second novel species, all w ithin the genus Desulfobacter.
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M orphologies exhibited by the three Desulfobacter isolates were straight
thick rod-shaped cells for BG8 and vibroid to sigmoidal cells for BG23 a n d BG72
(B. Sharak G enthner, pers. comm.). W hile these morphologies were consistent
w ith other Desulfobacter species (w hich include oval-, rod-, a n d vibrio-shaped
cells) (W iddel, 1987), preliminary nutritional characterization revealed som e
m arked differences between the isolates BG8 and BG23 and their Desulfobacter
relatives. T he characteristic traits of Desulfobacter species include their ability to
utilize acetate (which is commonly used to enrich them as show n in Table 3.6)
m ore effectively than other completely oxidizing SRB and their lack of nutritional
versatility (Table 3.5) (Widdel and Bak, 1992). BG8 and BG23, how ever, d id not
utilize acetate, and did utilize several other electron donors such as fum arate,
malate, a n d propionate that are n o t commonly used by Desulfobacter species
(Table 3.5). BG23 also utilized butyrate and formate, which are n o t utilized by
other characterized Desulfobacter species. BG72's substrate utilization patterns
were m ore sim ilar to other Desulfobacter species and consisted of utilization of
acetate an d hydrogen, but not any other electron donors tested thus far (Table
3.5). Interestingly, BG8 and BG23 w ere isolated on propionate and butyrate,
respectively, while other Desulfobacter species, including BG72, have been
isolated on acetate (Table 3.6). W hile butyrate and propionate utilization has
been rep orted am ong Desulfobacterium, Desulfococcus, Desulfosarcina, Desulfonema,
Desulfobotulus, Desulfoarculus, Desulfobulbus, and Desulforhabdus species (Table
3.5), butyrate has not been commonly used for enrichm ent/isolation of SRB and
propionate has only been used for isolation of Desulfobulbus species (Table 3.6).
Perhaps it w as use of these substrates that enabled the isolation of these novel
phenotypes w ithin the Desulfobacter genus.
Phylogenetic analysis of BG74 revealed that its closest relative w as
Desulfoarculus baarsii (formerly Desulfovibrio baarsii) (Fig. 3.8-3.10). BG74 and D.
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baarsii shared 95.3% sequence identity (1,350 base positions compared) and
therefore can be assum ed to be distinct species, probably w ithin the same genus.
A t the tim e of writing, D. baarsii w as the only know n m em ber of the genus
Desulfoarculus and was considered a separate lineage w ithin the
Desulfobacteriaceae family (Devereux et al., 1989; Stackebrandt et al., 1995).
Desulfoarculus is characterized by its ability to carry o u t complete oxidation of
organic carbon, its vibroid m orphology, and its ability to utilize Q -C is fatty a d d s
b u t few other electron donors (Widdel and Bak, 1992).
Phenotypic traits shared by the two spedes in d u d e their apparent
n utritional limitations - like D. baarsii, BG74 is incapable of utilizing benzoate,
ethanol, fumarate, hydrogen, lactate, and malate (Table 3.5). In fact, of all the
substrates tested so far, BG74 was only capable of grow th on butyrate, the
electron donor used for its isolation (Table 3.6). Once again this trait is consistent
w ith D. baarsii's ability to utilize fatty adds. Further characterization of BG74
sh o u ld in d u d e tests of its abilities to completely oxidize organic carbon and to
utilize higher fatty adds, which, as mentioned above, a re considered
characteristic of the genus Desulfoarculus.
Phylogenetic analysis of isolate BG14 separated i t from other members of
th e Desulfobacteriaceae family at the genus level (Fig. 3.8-3.10). It shared 85.3%
sequence identity with its d o se st relative, Desulfobotulus sapovorans (1,315 base
positions compared). How ever, the branching order of BG14, D. sapovorans,
Desulfomonile tiedjei, D. baarsii, and the Desulfobacter-Desulfobacterium and
Desulfococcus-Desulfosarcina lineages remains undear, as reflected in bootstrap
values for phylogenetic trees constructed by m axim um parsim ony and neighborjoining m ethods (Fig. 3.8-3.9). Phenotypic traits of BG14 in d u d e its capadty to
utilize butyrate, hydrogen, and pyruvate, but no other electron donors tested
(Table 3.5).
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Comparison of Isolates to Novel Phvlotvpes API and 4D19
Phylogenetic trees were constructed to infer relationships betw een SRB
isolates and phylotypes A01,2B14, and 4D19 (Fig. 3.11-3.13). As discussed in
Chapter One, 16S rRNA gene fragments A01,2B14, and 4D19 were selectively
amplified from C hapm an's marsh rhizosphere samples using a prim er derived
from the Desulfobacteriaceae-diiected oligonucleotide probe, 804 (Devereux et al.,
1992). H ow ever, none of the isolates, including those that contained the 804
target site, w ere related to A01 or 4D19 at the species or genus level (Fig. 3.113.13; Table 3.8). The isolate most closely related to A01,2B14, and 4D19 was
BG14 (which contained a mismatch with 804) and had evolutionary distances of
0.163,0.138, a n d 0.146 w ith A01,2B14, and 4D19, respectively (Table 3.8). The
lack of overlap betw een the two methods of surveying SRB phylogenetic
diversity (i.e., direct retrieval of 16S rRNA gene fragments and 16S rRNA
analysis of novel isolates) provides further evidence for the diversity of SRB
inhabiting the salt m arsh sediment.
The fact th at phylotype A01, which w as show n to have a relative
abundance (as a function of total eubacterial rRNA) of about 7.5% in quantitative
probing studies) (Chapter Two), was not isolated may be due to either lack of
appropriate conditions for its cultivation or simply to the non-quantitative nature
of isolation procedures (i.e., only a small num ber of strains from a potentially
highly diverse com m unity are isolated). In either case, oligonucleotide probes
applied to m onitoring enrichment cultures (e.g., Kane et al., 1993) could be used
to aid in the isolation of specific yet uncultivated organisms, such as A01.
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Fig. 3.11. 16S rRNA phylogenetic tree of isolates BG8, BG14, BG18, BG23, BG25,
BG33, BG72, and BG74; phylotypes A01,2B14, and 4D19; and m em bers of the
Desulfobacteriaceae family constructed using a maximum parsim ony m ethod. 679
base positions w ere considered in the analysis. Bootstrap values (out of 100
trees) are show n adjacent to nodes. The scale bar is in fixed nucleotide
substitutions per sequence position.

122

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

—Myxococcus xanthus
100 ■— 2B14
I Desulfococcus multivorans

30

— Desulfonema magnum
Desulfonema limicola

75
53

100

r

37

A01
Desulfosarcina variabilis
— 4D19
Desulfobotulus sapovorans

------------------- BG14
■Desulfobacterium autotrophicum
87

9 5 1—

94
99

BG33
BG18
Desulfobacterium vacuolatum
■Desulfobacula toluolica

68

56

100

— Desulfobacter postgatei

BG72
70

86
98

— Desulfobacter hydrogenophilus
Desulfobacter curvatus

4

BG23

BG 8
■Desulfobacter sp. str. 4acl 1
971— Desulfobacter lotus

-BG25
— Desulfobulbus marinus
100
1001— Desulfobulbus elongatus
Desulfobulbus propionicus
Desulfomonile tiedjei
BG74
100
c
Desulfoarculus baarsii
90

53

Escherichia coli
0.02

Fig. 3.12. 16S rRNA phylogenetic tree of isolates BG8, BG14, BG18, BG23, BG25,
BG33, BG72, and BG74; phylotypes A01,2B14, and 4D19; and members of the
Desulfobacteriaceae family constructed from evolutionary distances using a
neighbor-joining algorithm. Jukes-Cantor evolutionary distances were calculated
from 679 base positions. Bootstrap values (out of 100 trees) are shown adjacent to
nodes. The scale bar is in fixed nucleotide substitutions per sequence position.

123

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

■

Myxococcus xanthus

Desulfomonile tiedjei

-B G 74
Desulfoarculus baarsii
Desulfobulbus propionicus
c ! Desulfobulbus elongatus

—

■Desulfobulbus marinus

BG25
BG14

rC„

BG33
BG18
Desulfobacterium vacuolatum

■Desulfobacterium autotrophicum
Desulfobacula toluolica
■BG72
— Desulfobacter postgatei
— Desulfobacter hydrogenophilus

. BG23
' BG 8
— Desulfobacter curvatus
latus
HI—Desulfobacter
Desulfobacter sp. str. 4acl 1
Desulfococcus
De
multivorans
2B14
’Desulfonema magnum
— Desulfonema limicola
- A01
-4D19
■ c Desulfosarcina variabilis
Desulfobotulus sapovorans
------------------------Escherichia coli
0.02

Fig. 3.13. 16S rRNA phylogenetic tree of isolates BG8, BG14, BG18, BG23, BG25,
BG33, BG72, and BG74; phylotypes A01, 2B14, and 4D19; and m em bers of the
Desulfobacteriaceae family constructed from evolutionary distances using the
Fitch-Margoliash least squares method. Jukes-Cantor evolutionary distances
were calculated from 679 base positions. Bootstrap values (out of 100 trees) are
shown adjacent to nodes. The scale bar is in fixed nucleotide substitutions per
sequence position.
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Table 3.8. Jukes-Cantor evolutionary distances for 16S rRNA sequences of
isolates BG8, BG14, BG18, BG23, BG25, BG33, BG72, and BG74; phylotypes A01,
4D19, a n d 2B14; an d relatives in the Desulfobacteriaceae family.
Organism
1. Escherichia coli
2. Myxococcus xanthus
3. Desulfoarculus baarsii
4. Desulfobacter curvatus
5. Desulfobacter hydrogenophilus
6 . Desulfobacter latus
7. Desulfobacter postgatei
8 . Desulfobacter sp. str. 4acl 1
9. Desulfobacterium autotrophicum
10. Desulfobacterium vacuolatum
11. Desulfobotolus sapovorans
12. Desulfobacula toluolica
13. Desulfobulbus elongatus
14. Desulfobulbus propionicus
IS. Desulfobulbus marinus
16. Desulfococcus multivorans
17. Desulfomonile tiedjei
18. Desulfonema limicola
19. Desulfonema magnum
20. Desulfosarcina variabilis
21. A01
22. 2B14
23. 4D19
24. BG8
25. BG14
26. BG18
27. BG23
28. BG25
29. BG33
30. BG72
31. BG74

1.

0.229
0.196
0.250
0.246
0.241
0.245
0.264
0.219
0.243
0225
0254
0238
0236
0240
0209
0211

0214
0221

0217
0222

0215
0222

0248
0259
0246
0248
0233
0244
0252
0218

2.

3.

4.

5.

6.

7.

8.

9.

0.184
0 2 1 0 0.174
0207 0.171
0 2 1 2 0.172
0 2 0 1 0.179
0228 0.185
0.188 0.153
0 2 1 2 0.166
0208 0.147
0 2 0 0 0.169
0205 0.152
0207 0.144
0213 0.154
0.196 0.136
0.187 0.115
0208 0.160
0213 0.146
0 2 0 1 0.143
0204 0.127
0.195 0.143
0209 0.150
0 2 1 1 0.176
0219 0.172
0207 0.167
0 2 1 1 0.176
0.190 0.161
0 2 1 0 0.167
0.206 0.184
0.194 0.034

0.025
0.032
0.031
0.036
0.094
0.099
0.140
0.067
0.156
0.150
0.164
0.135
0.176
0.142
0.141
0.131
0.141
0.138
0.141
0.023
0.154
0.092
0.023
0.154

0.019
0 .0 2 0

0 .0 2 2

0.025
0.090
0.089
0.129
0.059
0.147
0.146
0.158
0.129
0.172
0.136
0.134
0.125
0.129
0.137
0.136

0.017 0.031
0.095 0.089
0 .10 1 0.094
0.139 0.126
0.062 0.051
0.149 0.138
0.145 0.136
0.155 0.151
0.128 0.124
0.174 0.167
0.138 0.129
0.136 0 .1 2 2
0.134 0.116
0.131 0.130
0.138 0.131
0.143 0.125
0.017 0.017
0.146 0.136
0.085 0.076
0.017 0.017
0.147 0.138
0.094 0.085
0.025 0.015
0.193 0.196

0 .0 1 2

0.155
0.079
0 .0 1 2

0.148
0.101 0.087
0.034 0.023
0.195 0.188

0 .1 0 0
0 .1 0 1

0.139
0.063
0.156
0.151
0.152
0.141
0.181
0.150
0.141
0.140
0.144
0.147
0.149
0.023
0.163
0.088
0.023
0.146
0.097
0.033
0.208
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0.051
0.096
0.073
0.147
0.137
0.132
0.094
0.145
0.104
0.104
0.089
0.108
0.102

0.096
0.088
0.141
0.049
0.088
0.136
0.047
0.092
0.171
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Table 3.8. C ontinued.

O
N

10.
11. 0.123
12. 0.080
13. 0.167
14. 0.158
15. 0.156
16. 0.121
17. 0.165
18. 0.140
19. 0.123
20. 0.109
21. 0.126
22. 0.128
23. 0.119
24. 0.097
25. 0.154
26. 0.029
27. 0.097
28. 0.148
29. 0.033
30. 0.097
31. 0.179

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

0.118
0.160
0.151
0.155
0.096
0.160
0.102
0.094
0.103
0.117
0.103
0.114
0.134
0.134
0.106
0.134
0.152
0.115
0.129
0.170

0.137
0.131
0.146
0.125
0.152
0.130
0.121
0.117
0.127
0.128
0.124
0.057
0.144
0.069
0.057
0.130
0.073
0.055
0.183

0.009
0.056
0.149
0.149
0.152
0.155
0.132
0.145
0.153
0.144
0.149
0.160
0.146
0.150
0.058
0.143
0.146
0.166

0.060
0.132
0.142
0.147
0.146
0.115
0.137
0.135
0.125
0.148
0.165
0.141
0.148
0.053
0.135
0.145
0.152

0.138
0.152
0.144
0.144
0.130
0.136
0.144
0.139
0.156
0.177
0.142
0.156
0.041
0.139
0.150
0.175

0.117
0.062
0.060
0.070
0.068
0.008
0.077
0.127
0.126
0.107
0.127
0.129
0.109
0.122
0.138

0.136
0.136
0.122
0.122
0.125
0.134
0.175
0.167
0.156
0.175
0.154
0.162
0.166
0.131

0.061
0.083
0.083
0.072
0.086
0.135
0.131
0.130
0.136
0.143
0.127
0.130
0.172

0.076
0.068
0.065
0.081
0.137
0.115
0.113
0.137
0.141
0.118
0.121
0.159

0.081
0.074
0.020
0.125
0.144
0.0%
0.125
0.125
0.100
0.117
0.154

0.070
0.082
0.136
0.163
0.113
0.136
0.133
0.113
0.131
0.140

0.082
0.135
0.138
0.116
0.135
0.135
0.118
0.128
0.144

0.135
0.146
0.105
0.135
0.135
0.107
0.126
0.157

0.153
0.081
0.000
0.146
0.086
0.019
0.1%

0.142
0.153
0.156
0.148
0.139
0.179

0.081
0.141
0.009
0.079
0.175

27.

28.

29.

30.

0.146
0.086 0.137
0.019 0.143 0.088
0.1% 0.164 0.178 0.204

Evaluation of SRB Probes
A series of oligonucleotide probes intended to specifically target various
groups or genera w ithin the Gram-negative m esophilic SRB were designed by
Devereux et al. (1992) and reevaluated here against 16S rRNA sequences of the
new SRB isolates (Fig. 3.14). Several probes were fo und to contain a single
mismatch w ith isolates that are members of the target group or genus. Probe 129
w as designed to target the genus Desulfobacter an d while it has no m ismatches
w ith Desulfobacter isolates BG8 and BG23, it does have a single m ism atch w ith
Desulfobacter isolate BG72. Although only a single base pair, this m ism atch is
fairly centrally located w ithin the target site (Fig. 3.14) and may be sufficient to
significantly destabilize the probe-target hybrid (Stahl and Amann, 1991; W ard et
al., 1992). Probe 221, for the genus Desulfobacterium, has one mismatch w ith
Desulfobacterium isolates BG18 and BG33. This m ism atch, however, is v ery close
to the 3' end of the target site and may not have a significant effect on probetarget hybridization. In both cases, adding a m ixed based position to the probe
sequence allows for inclusion of the new isolates in the probe target groups,
while maintaining specificity for the group in question. Specifically, changing
probe 129 to 5,-CAGGCTTGAAGSCAGATT-3, (w here S is C or G) results in a
probe that targets both previously characterized Desulfobacter species a n d isolates
BG8, BG23, and BG72. By using the RDP CheckProbe utility (Maidak et al.,
1994), the m odified probe w as checked against all 16S rRNA sequences in the
unaligned RDP database and found to be specific for Desulfobacter species.
Similarly, probe 221 could be modified to S'-TSCGCGGACTCATCTTCAAA-S',
and once again, the CheckProbe utility was used to show that this m odified
probe targeted characterized Desulfobacterium and new Desulfobacterium isolates
to the exclusion of other 16S rRNA molecules.
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Target
BG6
BG8
BG14
BG18
6G23
BG25
BG33
BG50
BG72
BG74

Probe 687
(Desulfooibrionaceae)

Probe 804
(mixed Desulfobacteriaceae)

AGGAGUGAAAUCCGUA
AGGAGUGAAAUCCGUA
AGAQGUGAAAUUCGUA
AGCQGUGAAAUGCGUA
AGAffiGUGAAAUUCGUA
AGAQGUGAAAUUCGUA
AGA9QUGAAAUSCGUA
AGAQGUGAAAUUCGUA
AGGAGUGAAAUCCGUA
AGAQGUGAAAUUCGUA
AGAfiGUGAAAUQCGUA

UCCACGCAGUAAACGUUG
UCCACGCSGUAAACGAUG
UCCACGCAGUAAACGUUG
UCCACGCAGUAAACGUUG
UCCACGCAGUAAACGUUG
UCCACGCAGUAAACGUUG
UCCACGCCGUAAACGAUG
UCCACGCAGUAAACGUUG
UCCACGCJZGUAAACGAUG
UCCACGCAGUAAACGUUG
UCCACGCCGUAAACGfiUG

Probe 660

Probe 129
(Desulfobacter)

(Desulfobulbus)

Target
BG6
BG8
BG14
6G18
6G23
BG25
BG33
BG50
BG72
BG74

Target
BG6
BG8
BG14
BG18
BG23
BG25
BG33
BG50
BG72
BG74

CAGAGGGGAAAGUGGAAUUC
UGGAGAGGGUGGCGGAAUNC
GGGAGAGGAGAGAGGAAUUC
GGUAGAGGAAAGCGGAAUUC
GGGAGAGGAAAGGGGAAUUC
GGGAGAGGAGAGAGGAAUUC
CAGAGGGGAAAGUGGAAUUC
GGGAGAGGAAAGGGGAAUUC
CGGAGAGGUUGGCGGAAUUC
GGGAGAGGAAAGCGGAAUUC
UGGAGAGGAQAGUGGAAUUC

AAUCUGCCUUCAAGCCUG
AAUCUCCCUGGAAAUUCG
AAUCUGCCUUCAAGCCUG
AAUCUGUCUCCGAAUCCG
AAUCUACCUUCAAAUCGG
AAUCUGCCUUCAAGCCUG
AACCUACCUCCAPGPPUG
AAUCUACCUUCAAAUCGG
AAUCUGCCCUGAAGAUCG
AAUCUGQCUUCAAGCCUG
AAUCUACCUAAAGGPACG

Probe 221

Probe 814

(Desulfobacterium)

(Desulfococcus-Desulfosarcirm Desulfobotulus)

uuugaagaugaguccgcgca

AAACGUUGAUCACUAGGU
AAACGAUGGAPGCUAGGU
AAACGUUG2ACACU£GGU
AAACGUUGAUCACUAGGU
AAACGUUGPAPGCUAGGU
AAACGUUGC&CACUSGGU
AAACGAUGPCAACUAGAU
AAACGUUGPAPGCUAGGU
AAACGAUGGAPAPUAGGU
AAACGUUGCaCACUSGGU
AAACGSUGCSCACUAGGU

UUUCCAGAUGAGUCCGCGPC
UUUGSSGAUGAGU2QGCG2A
AUCGQAGQUGAGCPPGCGPC
UUUGAAGAUGAGUCCGCGSA
UUUGfifiGAUGAGUffiZGCGnA
CAUGGAGAGGGGUCPGCGPA
UUUGAAGAUGAGUCCGCGSA
CUUPPGGAUGAGUCCGCGPC
UUUGSSGAUGAGU22GCG2A
CCCPPAGACGAGCCCGCGPC

Fig. 3.14. Com parison of probe 687 ,804,660,129,221, and 814 target sites with
aligned 16S rRN A sequences of SRB isolates. Mismatches w ith the probe target
site are show n in boldtype and underlined.
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Probe 814, designed to target the Desulfococcus-DesulfosarcinaDesulfobotulus assemblage contains one centrally located m ism atch w ith BG14.
H ow ever, w hile this assemblage constitutes BG14's closest relatives, as discussed
above, BG14 appeared to represent a separate lineage and should therefore not
necessarily be included in the group originally intended to be targeted by probe
814. Probe 804 w as intended to target all members of the Desulfobacteriaceae
fam ily except Desulfobulbus and Desulfoarculus. Isolates BG8, BG18, BG23, BG33,
an d BG72, all m em bers of this group, contained the target sequence. Isolate
BG14 an d Desulfoarculus isolate BG74 each had single mismatches w ith 804 th at
were centrally located. The form er finding may be lend support to the placem ent
of BG14 in a separate lineage, while the latter is consistent w ith expected
specificity of probe 804.
The target sequence for the Desulfobulbus probe 660 was fo u n d in
Desulfobulbus isolate BG25, as w as the target sequence for the Desulfovibrionaceae
probe 687 in Desulfovibrionaceae isolates BG6 and BG50 (Fig. 3.14). It should be
noted that the latter probe was recently found to also target m em bers of the
Geobacteriaceae fam ily (Lonergan et al., 1996) and therefore should n o longer be
considered specific for its originally intended targets. Additionally, evaluation of
the eubacterial probe, EUB338 (Stahl et al., 1988) revealed that all isolates appear
to contain its target site (Fig. 3.15).
Probes A01-183 and 4D19-189, described in Chapter Two, w ere also
evaluated against new SRB 16S rRNA sequences (Fig. 3.16). As described in
C hapter Two, these probes w ere designed to target hypervariable regions of 16S
rRNAs that w ere retrieved directly from DNA extracted from salt m arsh
rhizosphere sam ples. N ot surprisingly, none of the new SRB isolates contained
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T a rg e t
BG6
BG8
BG14
BG18
BG23
BG25
BG33
BG50
BG72
BG74

P ro b e 338
( B a c te r ia )
ACUCCUACGGGAGGCAGC
ACUCCUACGGGAGGCAGC
ACUCCUACGGGAGGCAGC
ACUCCUACGGGAGGCAGC
ACUCCUACGGGAGGCAGC
ACUCYUACGGGAGGCAGC
ACUCCUACGGGAGGCAGC
ACUCCUACGGGAGGCAGC
ACUCCUACGGGAGGCAGC
ACUCNUACGGGAGGCAGC
ACUCCUACGGGAGGCAGC

Fig. 3.15. Com parison of probe 338 target site to 16S rRN A sequences of SRB
isolates.

T a rg e t
BG6
BG8
BG14
BG18
BG23
BG25
BG33
BG50
BG72
BG74

P r o b e A 0 1 -1 8 3

P ro b e 4 D 1 9 -1 8 9

CAUCGUAUUUUCUUAGGGG
CCUCCCAAUUUAUUUUGGG
AQUCGUUUCACAUAAGUGG
AgUUGUAUUQACUGCGGUU
AGUCGUGGGAACUUUGGUU
AGUCGUUUCACAUAAGUGG
GCUUGCUUUUCAUAAGUUU
AGUCGUGAGAACUUUGGUU
UCUGCAUAUUUAACUUUAU
AGUUGAUUCACAUAAGUGG
GACCACGQUUUCUGCGGAU

GGAAUGUUGGAUCAAGGG
APUUUGGGGGGAAAGGCG
AAGUGGAUUGAUGAAAGA
GGUUGAUACAAUGAAAGG

GGHHUSUAAGAUSAAAGG
AAGUGGAAUGAUGAAAGA
AAGUUUUGCAAGCAAAGG
GGS2UHUAAGAUSAAAGG
ACUPUAUGUGGGAAAGAU
AAGUGGAUUAAUGAAAGA
GGAHUfiUSQGSU&AAAGG

Fig. 3.16. Com parison of probe A01-183 and 4D19-189 target sites to 16S rRNA
sequences of SRB isolates. Mismatches with the probe target sequences are
shown in boldtype and underlined.
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the probe target sites, w ith 7 to 15 mismatches found betw een probe target
sequences a n d their respective 16S rRNA sites.
As clearly evident from the above discussion, continual reevaluation of
16S rRNA-directed probes is necessary as new sequences become available. As
the database of 16S rRNA sequences expands, it m ay actually become m ore
difficult to design oligonucleotide probes that specifically target all mem bers of a
given phylogenetic group. However, there are several possible avenues for
overcom ing this problem . As discussed above, in cases w here the original probe
is not inclusive of all m em bers of its intended target group, refining probes by
adding m ixed base positions m ay be appropriate. In cases where a given probe
is not found to be specific for its originally intended target (e.g., probe 687, w hich
also targets Geoibacteriaceae), multiple probes that m ay not be specific for their
target individually, b u t are specific as a group, m ay be used. This approach is
lim ited to in situ or whole cell hybridization form ats, in which probes could be
labeled w ith different fluorophores and only those cells to which all probes
hybridized w ould be considered true targets. In still other cases it m ay be
necessary to im prove probe specificity by using unlabeled oligonucleotide
competitors that block non-target sites and facilitate discrimination based on
single m ismatches (e.g., M anz et al., 1992).
There are several implications of probe reevaluation on the interpretation
of studies in w hich these probes were used. Hines et al. (in prep) used the suite
of SRB probes described above to investigate SRB com m unity structure and
population dynam ics in the sediment and S. alterniflora rhizosphere at
Chapm an's m arsh. They found that the group targeted by 804 played a
significant role in the SRB community, but that probes targeting genera w ithin
this group (i.e., probes 129,221, and 814) only accounted for a small percentage
of the total 804 signal. Likewise, I found that the relative abundance of 814 w as
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quite low (312.3%), as described in C hapter Two. Although quantitative
inform ation on the relative abundances of the SRB isolates described here is not
available, several of them are targeted by 804 but not by narrow er phylogenetic
probes a n d could therefore have contributed to the 'extra' 804 signal.
Specifically, BG72, BG18, and BG33 contained the 804 target sequence but d id not
contain their respective genus-specific target sequences (Fig. 3.14).

Conclusions
Phylogenetic analysis of 10 n e w SRB isolates from a salt m arsh sedim ent
placed all strains w ithin the 9 proteobacteria group of SRB and w ithin the
families Desulfovibrionaceae and Desulfobacteriaceae. BG6 and BG50 w ere both
mem bers o f the family Desulfovibrionaceae, w ith BG6 possibly representing a
novel genus and BG50 representing a novel species within the genus
Desulfovibrio. Preliminary phenotypic characterization of BG6 and BG50 (Sharak
Genthner, Pers. Comm.) was consistent w ith their phylogenetic relationships to
other m em bers of the Desulfovibrionaceae family.
Isolates that were members of the Desulfobacteriaceae family w ere
distributed am ong the genera Desulfobulbus (BG25), Desulfobacter (BG8, BG23, and
BG72), Desulfobacterium (BG18 and BG33), Desulfoarculus (BG74) and a novel
genus represented by isolate BG14. Based on 16S rRNA analysis, all isolates
were distinct from characterized Desulfobacteriaceae at the species or genus levels.
A lthough only limited phenotypic data for the isolates were available at
the time of w riting, it appears that placem ent of isolates BG25 in the genus
Desulfobulbus and BG8 and BG23 in Desulfobacter will require some m odification
of the defining characteristics of these genera. With the addition of BG25 in the
genus Desulfobulbus, Desulfobulbus no w includes species that do not utilize
propionate (previously considered a characteristic trait) and also includes the
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vibrio cell m orphology. In addition, the genus Desulfobacter can no longer be
considered to consist of acetate utilizers that do not utilize fatty a d d s, as isolates
BG8 a n d BG23 fall w ithin this genus and do not utilize acetate b u t do utilize
propionate and butyrate.
Com parison of the Desulfobacteriaceae isolates' 16S rRNA sequences to
'm olecular isolates' originating from the same study site revealed th at none of the
isolates shared m ore than about 86% sequence identity w ith environm ental
d o n es, and thereby provided further evidence of the diversity of SRB inhabiting
salt m arsh sediments. Evaluation of currently available probes for SRB
(Devereux et al., 1992; Chapter Two) against the isolates' 16S rRNA sequences
revealed that, w ith the addition of m ixed base positions to probes 129 and 221,
SRB-direded probes could still be used against their originally intended targets.
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